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PREFACE 


The  Spacecraft  Environmental  Interactions  Technology  Conference  was  held 
at  the  U.S.  \1r  Force  Academy,  Colorado  Springs,  Colorado,  from  October  4  to 
6,  1983.  The  fourth  In  a  series  of  conferences  jointly  sponsored  by  NASA  and 
the  Air  Force,  It  summarized  technology  Investigations  concerning  Interactions 
between  space  systems  and  their  orbital  environments  and  presented  Information 
for  use  by  designers  of  such  systems.  The  series  forms  a  part  of  the  joint 
NASA/Air  Force  technology  programs  and  provides  a  forum  for  researchers, 
technologists,  and  engineers  to  exchange  results  and  Ideas. 

The  conference  was  planned  to  provide  an  overview  of  both  spaceflight  and 
ground  technology  Investigations  directed  toward  understanding  and  controlling 
Interactions  of  space  systems  with  orbital  environments.  It  focus  Included 
Interactions  between  orbital  environments  and  large,  high-power  space  systems, 
Including  the  shuttle,  and  astronaut  extravehicular  activity,  as  well  as  the 
geosynchronous  spacecraft  charging  technology  that  was  the  main  focus  of  the 
earlier  conferences  In  this  series  (In  1976,  1978,  and  1980).  This  shift  and 
expansion  of  focus  reflects  the  changing  areas  of  emphasis  In  the  NASA/Air 
Force  technology  programs  In  the  shuttle  era. 

Me  wish  to  thank  Hr.  R.E.  Smylle,  NASA  Headquarters,  and  Col.  B.  Bolton, 
Air  Force  Space  Technology  Center,  for  their  keynote  addresses,  and  the  mem¬ 
bers  of  the  Conference  Program  Committee,  R.M.  Broussard,  H.B.  Garrett, 

A.  Huelenberg,  R.C.  Sagalyn,  N.J.  Stevens,  and  R.,W.  Bercaw,  for  their  assist¬ 
ance.  Thanks  are  also  due  Hs.  Gwen  Brewer,  Directorate  of  Plans  and  Programs, 
Air  Force  Academy,  who  provided  outstanding  support  at  the  conference,  Includ¬ 
ing  accommodations,  transportation,  meals,  and  facilities  arrangements. 


Carolyn  K.  Purvis 

NASA  Lewis  Research  Center 


Charles  P.  Pike 

U.S.  Air  Force  Geophysics  Laboratory 
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SPACE  STATION  TECHNOLOGY  PLANNING 


R.  E.  Smylle 
NASA  Headquarters 
Washington,  O.C.  20546 


I  am  certainly  pleased  and  honored  by  the  opportunity  to  come  hack  and 
speak  again  to  a  group  that  has  been  working  together  for  so  many  years  with 
great  benefit  to  spacecraft  technology  and  to  the  organizations  represented. 
Many  of  you  were  here  In  1976  at  the  first  conference.  Colonel  Brooke  and  I 
spend  a  great  deal  of  energy  In  those  days  trying  to  generate  cooperative  pro¬ 
grams  between  NASA  and  the  Air  force  Laboratory  structure.  This  group  Is  one 
nf  the  many  shining  examples  of  success  In  that  area. 

We  both  are  proud  of  what  we  were  able  to  set  In  motion  In  those  years. 
There  already  was  a  great  deal  of  Interchange  at  the  Individual  level,  but  It 
did  not  extend  as  far  as  It  should  have  to  give  the  maximum  benefit  to  both 
organizations.  We  have  tried  to  establish  not  just  cooperative  programs  but  a 
spirit  of  cooperation  among  the  people  Involved  In  technology  programs  all 
along  the  management  chain. 

I  am  going  to  speak  for  a  few  minutes  about  space  station  technology  and 
what  NASA  1$  pursuing  In  terms  of  a  space  station  program.  It  has  long  been 
my  belief  that  a  manned  space  station  In  Earth  orbit  Is  almost  an  Imperative. 
Now  It  Is  not  a  matter  of  "If,"  but  a  matter  of  "when"  find  "what  kind"  the 
Initial  station  will  be. 

First,  a  few  words  about  the  Space  Station  Technology  Steering  Committee, 
of  which  I  am  Chair.  I  joined  this  organization  just  a  few  months  ago.  It  had 
been  chaired  by  Walt  Olstod,  who  had  bvten  the  Acting  Associate  Administrator  of 
OAST  for  quite  some  tlms.  He  moved  over  to  be  the  Associate  Administrator  for 
Management.  Walt  made  some  major  contributions  to  the  committee,  and  I  am 
pleased  to  follow  In  his  footsteps. 

We  havo  In  the  committee  a  tremendous  process  by  which  to  generate  Ideas 
and  plans  for  the  technology  we  should  be  pursuing  In  order  to  most  benefit  a 
space  station  program  once  It  Is  begun.  Each  discipline  area  has  a  working 
group  that  addresses  the  particular  techno/logy  from  that  discipline  that  would 
enhance  a  space  station  program,  either  through  greater  system  performance  or 
through  lower  life-cycle  costs  In  a  program  that  would  extend  over  many,  many 
years.  Once  we  begin  it  space  station  progr.im  we  expect  It  to  continue  Indefin¬ 
itely.  It  may  evolve  -  In  fact  It  will  evolve  -  over  time,  but  It  will  not 
necessarily  have  a  defined  endpoint  such  as  many  of  our  programs,  Including  the 
Apollo  Program  and  the  Sky  lab  Program,  have  had,  A  space  station  program  Is 
something  that  will  continue  Into  the  foreseeable  future. 
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The  Centers  have  assigned  their  most  Innovative  and  competent  people  to 
these  working  groups,  so  wc  get  very  good  reports  from  them.  Our  problem 
becomes  one  of  sorting  out,  from  all  of  the  good  Ideas,  the  ones  that  should 
have  the  highest  priority  -  the  ones  we  should  enact  first  In  a  space  station 
program  -  and  trying  to  combine  them  Into  something  manageable  within  a  budget 
we  might  expect  to  receive  for  this  project.  The  work  of  the  Steering  Commit¬ 
tee,  then,  Is  to  Interact  with  the  working  groups  and  try  to  prioritize  and 
package  the  technology  programs  so  that  we  can  pursue  them  within  our  allotted 
resources.  We  also  must  generate  the  data  that  will  allow  us  to  advocate  these 
programs  through  the  management,  0MB,  and  Congressional  chains  In  order  to 
acquire  the  resources  to  do  this  Important  work. 

In  this  project  there  are  some  great  technological  opportunities  to  bene¬ 
fit  not  only  an  evolutionary  space  station,  but  also  an  Initial  space  station. 
Usually  you  think  of  new  technology  as  something  that  gives  you  greater  per¬ 
formance.  In  a  space  station  orogram,  once  you  have  defined  your  requirements, 
you  want  to  meet  those  requirements  at  the  lowest  life-cycle  cost. 

Some  people  argue  that  we  really  do  not  need  new  technology  to  build  a 
space  station.  They  say  that  we  have,  in  effect,  created  the  equivalent  of  a 
space  station  In  Skylab  and  we  have  the  technology  from  the  shuttle  program 
that  will  allow  us  to  build  a  space  station  with  what  we  have  today.  And  that 
1$  true.  We  could  do  that.  But  It  would  be  a  shame  If  we  did  precisely  that. 
If  we  are  able  to  bring  some  areas  of  technology,  particularly  power  and  ther¬ 
mal  to  a  state  of  readiness  to  apply  to  the  first  space  station,  that  first 
station  will  actually  be  less  expensive,  both  In  Initial  cost  and  In  life-cycle 
cost.  We  must  verbalize  this  message  and  convey  It  In  such  a  way  that  It  Is 
believed  and  we  can  go  ahead  with  It. 

We  will  most  likely  pursue  the  space  station  program  by  using  a  modular 
approach  (fig.  1).  We  believe  that  the  space  shuttle  will  be  the  basis  for 
putting  a  manned  base  In  orbit;  therefore  the  station  will  be  built  of  modules 
put  Into  orbit  by  the  shuttle  and  docked  to  form  a  core.  Other  modules  will 
be  added  as  the  station  evolves.  There  may  also  be  platforms  of  various  sorts, 
either  In  polar  or  In  low- Inclination  orbit  -  probably  both.  These  would  be 
tended  by  the  space  station.  Some  kind  of  transfer  vehicle  will  be  used  to 
move  payloads  from  the  station  to  other  orbits.  A  smaller  device,  called  a 
maneuvering  system,  will  allow  servicing  of  co -orbital  platforms. 

Figure  2  shows  the  types  of  equipment  that  may  eventually  be  part  of  the 
space  station.  The  Initial  station  would  be  a  core  consisting  of  a  power  sys¬ 
tem  with  a  few  modules  attached  to  It  for  experimentation  In  Earth  orbit:  a 
co-orbiting  platform  for  experiments  that  require  very  good  stability;  some 
sort  of  maneuvering  system  that  could  tend  the  platform;  and  possibly  a  polar- 
orbiting  platform.  The  core  station  would  evolve  Into  something  larger  and 
more  capable  over  approximately  10  to  15  years,  so  a  station  after  this  model 
might  be  possible  about  the  year  2000. 

We  are  being  careful  not  to  produce  a  particular  design  before  we  have  had 
a  chance  to  do  a  significant  amount  of  concept  development  and  Phase  B  studies. 
So  this  Is  really  an  artist's  vision  of  what  might  be,  not.  any  particular 
design  that  NASA  Is  advocating.  We  try  to  define  program  requirements  and  let 
those  requirements  drive  the  technology,  rather  than  the  other  way  around.  We 
think  that  we  should  be  Involved  In  many  programs  at  once  but  that  there  should 
always  be  at  least  one  program  that  Is  sort  of  a  "technology  push."  Within  a 
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year  or  so  we  would  like  to  go  Into  Phase  B  studies  toward  the  start  of  the 
station  In  a  few  years.  Therefore  we  need  to  pin  down  the  requirements  for 
the  station  and  define  the  technology  to  be  pursued. 

The  first  requirement  Is  that  It  be  a  permanent  system,  one  that  you  put 
up  and  expect  to  use  for  a  long  time.  Thus  we  want  It  to  be  able  to  grow  In 
an  evolutionary  manner.  New  technology  will  come  along  or  requirements  will 
change  from  those  set  In  the  first  years.  It  Is  essential  that  It  can  be  rela¬ 
tively  easily  added  to,  or  changed,  to  Incorporate  products  of  the  new  technol¬ 
ogy.  You  want  operational  flexibility,  because  you  really  do  not  know  right 
at  the  beginning  all  of  the  things  you  are  going  to  use  It  for.  The  structure 
should  be  as  flexible  as  possible  In  Its  operation;  It  should  be  multiple-use. 

Most  of  the  purposes  that  the  space  station  might  be  designed  to  serve 
require  high  power  across  the  board.  No  concept  of  a  space  station  that  I  have 
seen  Involves  other  than  relatively  high  power,  In  the  50-  to  75-kW  range. 

That  In  Itself  leads  to  a  consideration  of  higher  voltages  than  we  have  been 
accustomed  to  using  In  space.  The  thermal  loads  will  be  large  because  of  the 
high  power,  and  they  will  vary  over  an  extremely  wide  margin.  With  a  human 
presence,  and  the  Intention  of  using  the  station  for  many  years,  we  will  most, 
likely  want  to  go  to  closed  loop.  Extravehicular  activity  Is  going  to  be  very 
Important;  we  are  finding  this  to  be  more  and  more  true  as  time  goes  on. 

All  automated  operations,  the  data  system  and  the  communication  system, 
must  be  very  flexible  and  adaptive.  We  will  probably  want  distributed  control 
throughout  the  station  so  that  we  do  not  get  locked  Into  Just  one  way  of  doing 
things.  Propulsion  and  fluid  management,  particularly  cryogenic  fluid  manage¬ 
ment,  will  be  Important  drivers  In  the  space  station  design. 

At  OAST,  the  Aeronautics  and  Space  Technology  Program  has  always  had  what 
we  choose  to  call  a  generic  technology  program.  It  Is  sort  of  a  "technology 
push"  program  where  you  do  things  because  the  state  of  the  technology  Indicates 
that  you  are  able  to  make  certain  advances.  That  program  has  existed  In  0AS1 
and  Is  still  there.  They  have  Identified  a  certain  part  of  that  program  that 
Is  contributory  to  the  kinds  of  things  that  a  space  station  might  need.  Beyond 
that,  the  next  step  Is  to  define,  from  the  generic  program,  a  focused  technol¬ 
ogy  program  that  would  be  very  specifically  oriented  toward  advancing  technol¬ 
ogy  for  space  station  requirements. 

I  have  emphasized  In  the  Steering  Committee  that  the  program  should  have 
as  Its  output  things  that  can  specifically  benefit  a  space  station  program  In 
Its  Phase  B  as  well  as  Its  Phase  C  and  0  activities.  That  technology  Is  not 
Just  hardware.  It  can  be  analysis  and  simulation;  It  can  be  results  of  labora¬ 
tory  tests,  results  of  activity  In  test  beds,  and  even  experimental  flight 
test  programs. 

The  technology  flows  from  this  focused  program  Into  a  number  of  areas,  and 
the  products  that  come  out,  again,  are  not  Just  hardware.  In  fact  hardware  Is 
probably  the  least  Important  thing  that  comes  out  of  the  technology  program. 
Those  things  "hat  people  and  organizations  are  going  to  need  to  do  this  Job  are 
what  Is  Important.  And  they  need  to  happen  on  a  schedule  that  will  fit  Into 
the  overall  plan.  So  we  must  move  forward  quickly. 
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Figure  3  Is  a  flow  chart  of  how  technology  might  develop  from  the  require¬ 
ments  of  the  space  station  through  the  focused  program.  There  are  other  ap¬ 
proaches.  One  way  Is  to  cut  through  disciplines  and  say  that  you  will  make 
progress  In  power,  or  In  thermal,  or  on  attitude  control,  etc.  Another  Is  to 
look  at  something  like  energy  management,  which  Is  a  combination  of  thermal  and 
power  and  can  affect  nearly  all  of  the  other  technological  areas.  This  can 
even  be  extended  to  structural  technology,  and  to  the  attitude  control  system, 
which  becomes  Important  with  very  large  arrays. 

We  need  to  Integrate  all  of  these  activities  so  that  we  pay  attention  to 
the  most  Important  parts  of  the  technology  Involved  (fig.  4).  The  structures 
people  alone,  for  example,  without  understanding  what  the  power  people  need, 
may  not  produce  the  technology  that  best  coincides  with  what  Is  needed  In  the 
power  area.  So  one  activity  of  the  Steering  Committee  Is  to  encourage  this 
type  of  Integration. 

All  of  these  Ideas  flow  Into  a  sort  of  "bus"  of  technology  (fig.  5)  that 
can  then  go  Into  all  areas  of  the  development  of  the  space  station  ~  Including 
a  very  Important  area,  the  evolution  of  the  station  beyond  Its  Initial  capa¬ 
bility,  or  a  flexibility  over  time.  This  Is  one  of  the  problems  In  a  technol¬ 
ogy  program:  you  can  never  be  exactly  sure  where  the  benefits  are  going  to 
show  up.  We  are  trying  to  focus  on  the  specific  products  needed  for  a  space 
station. 

Now,  Just  a  short  discussion  of  a  particular  activity  that  might  be  of 
Interest  to  this  group.  OAST  Is  planning  flight  research  as  well  as  their 
traditional  ground-based  research.  One  element  of  that  Is  a  voltage  operating 
limit  test,  the  VOLT  Program,  for  space  testing  of  photovoltaic  concepts.  A 
number  of  people  here  know  more  about  this  than  1  do,  but  I  would  like  to 
mention  It  In  the  context  of  this  conference. 

The  Idea  at  OAST  Is  to  use  the  shuttle  to  conduct  research  In  the  space 
environment  In  a  number  of  areas.  In  the  VOLT  series  (fig.  6)  there  will  be 
four  In-flight  experiments  beginning  In  1985,  two  Inside  the  bay  and  two  out¬ 
side  the  bay;  two  are  planar  arrays  and  two  are  concentrator  arrays.  VOLT-1 
and  VOLT-3  use  applied  bias  voltages;  VOLT-2  and  VOLT-4  use  self-generated 
voltages.  So  the  entire  structure  has  some  symmetry  to  It.  These  experiments 
are  needed  to  obtain  data  from  high-voltage  planar  and  concentrator  arrays, 
the  Idea  being  to  produce  design  guidelines  for  large  high-voltage  arrays  In 
low  Earth  orbit,  data  on  the  limits  on  operating  voltage,  a  validated  analyti¬ 
cal  tool  for  the  final  designers  of  the  space  station  array,  and  a  design 
evaluation  for  these  array  technologies. 

Figure  7  Illustrates  the  technology  flow  for  the  specific  case  of  high- 
voltage  array  design.  Out  of  generic  technology  and  the  focused  program  come 
design  data  for  the  creation  of  the  flight  experiment.  Out  of  the  flight  ex¬ 
periment  come  data  that  benefit  the  space  station,  and  It  feeds  back  from  the 
space  station  Into  the  requirements  area.  One  of  the  beauties  of  the  space 
shuttle  Is  that  as  we  learn,  we  can  repeat  what  we  have  done  before  and  Improve 
on  It.  This  Is  just  one  example  of  how  a  technology  program  ran  flow  Into 
flight  testing  and  eventually  result  In  very  specific  products  that  Improve 
other  programs,  In  particular  the  space  station  program. 

I  thank  you  for  your  attention.  Again,  thank  you  for  Inviting  me  here. 
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Figure  1.  -  Space  station  architecture:  a  cluster  concept 
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Figure  4.  -  Subsystem  focus  to  integrate  disciplines. 
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Figure  5.  -  Technology  transfer. 
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Figure  6.  -  Voltage  operating  limit  tests 


Figure  7.  -  High-power,  high-voltage  photovoltaic  array  for  space  station 
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Kirtland  A'r  Force  Base,  New  Mexico  87117 


I  would  like  to  thank  the  sponsors  of  this  conference  for  the  opportunity 
to  talk  to  you  about  the  Space  Technology  Center  and  the  Military  Space 
Systems'  technology  model  and  plan.  1  will  speak  briefly  aboct  where  the  Space 
Technology  Center  fits  into  the  Air  Force  space  business  structure  and  then  run 
quickly  through  the  model  to  show  you  how  It  works. 

The  Space  Technology  Center  Is  a  relatively  new  organization,  having  been 
In  existence  just  a  little  more  than  a  year.  The  Center  Is  n  continuation  of 
an  Air  Force  process  that  brings  the  Air  Force  laboratories  under  the  control 
of  specific  product  divisions.  In  our  case,  we  are  working  for  Space  Division 
In  Los  Angeles.  Our  Commander,  Bob  Francis,  works  directly  for  General 
McCartney,  the  Commander  of  the  Space  Division,  and  the  Technology  Center  has 
a  detachment  In  Los  Angeles.  We  have  a  Plans  Directorate;  we  have  a  Technology 
Directorate  that  pursues  several  technology  demonstration  programs;  and  our 
Management  Services  people  keep  us  all  on  track. 

The  Space  Technology  Center  now  has  control  and  responsibility  for  the 
Geophysics  Laboratory,  the  Weapons  Laboratory,  and  the  Rocket  Propulsion 
Laboratory.  The  Center's  mission  Is  to  give  focus  to  space  technology  efforts, 
to  ensure  that  technology  needs  are  Integrated  with  development  efforts,  and 
to  plan  and  execute  tin  non-space-related  technology  activities  of  these  three 
laboratories  as  well.  We  assess  the  laboratories  In  their  nonspace  activities. 
We  also  function  as  the  Spsce  Division  Commander's  source  of  technical  excel¬ 
lence  In  the  space  technology  arwa. 

The  Plans  Directorate  Is  divided  Into  two  divisions:  Plans  and  Analysis, 
the  people  primarily  responsible  for  the  development  and  evolution  of  the 
methodology  used  In  our  technology  planning,  and  Development  and  Applications, 
a  group  of  technologists  who  generate  technology  Initiatives.  These  Initia¬ 
tives  are  new  starts,  new  technology  programs  to  fill  gaps  In  the  technology 
required  to  complete  specific  space  missions. 

The  problem  that  we  face  Is  one  that  everyone  should  be  familiar  with, 
and  that  Is  the  extremely  long  lead  time  for  the  development  of  specific  space 
capabilities.  The  only  consolation  Is  that  the  Soviets  face  abvjt  the  satin 
type  of  lead  time  In  developing  their  systems.  Small  consolation,  perhaps,  but 
It  still  highlights  the  need  for  accurate  forecasting  of  technologies.  We  must 
ensure  that  the  technology  base  is  available  when  needed  for  the  development  of 
these  specific  space  systems. 

The  objective  of  the  technology  model  Is  to  provide  us  with  a  systematic 
process  foe  Joining  future  technology  needs  to  mission  requirements.  We  stress 
continuity  between  space  missions  and  the  technology  programs  we  pursue.  The 
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model  also  acts  as  a  vehicle  for  communications  between  *he  Air  Force  labora¬ 
tories  and  major  air  commands,  operational  commands,  other  government  agencies, 
end  NASA.  It  Is  also  a  guide  to  Industry  for  1R&D.  The  Trthnolroy  Center, 
along  with  the  AIAA,  sponsors  workshops  In  which  a  series  of  technology  panels 
address  all  of  the  technology  categories  contained  within  the  mode'.  We  have 
recently  acquired  a  NASA  field  office  within  the  Technology  tenter;  that  Is 
staffed  by  Mr.  Wayne  Hudson. 

Wo  take  our  guidance  from  Air  Force  Headquarters,  Space  Division,  Space 
Command,  and  all  of  the  other  operational  commands  that  generate  requirements 
and  needs  for  space  systems  support.  Our  technical  Interfaces  are  with  the 
Space  Division  program  offices,  the  Air  Force  laboratories,  other  00D  agencies, 
NASA,  and  Industry.  All  of  this  goes  Into  the  technology  model  as  Input,  and 
the  output  Is  continually  fed  back  as  technology  for  these  systems  as  we 
produce  our  Space  Technology  Plan.  This  plan  Is  our  technology  Inveitment 
strategy  and  supports  the  planning,  programming,  and  budgeting  process. 

The  technology  model  Is  divided  Into  six  volumes.  The  first  volume  Is 
generated  primarily  by  the  Plans  Office  at  Space  Division.  Their  Input  comes 
from  Space  Command  and  the  other  operational  commands.  This  planning  group 
develops  the  basic  mission  requirements,  projects  needs,  and  gives  priority  to 
missions.  From  the  material  they  give  us,  we  form  a  set  of  preliminary  con¬ 
cepts.  Since  we  are  talking  about  operational  cjtes  around  the  turn  of  the 
century  In  many  cases,  we  have  to  have  "strawman*  concept:  from  which  we 
extract  technology  requirements.  These  concepts  are  In  volume  2.  In  volume  3 
we  project  trends  In  technology  so  that  we  might  properly  assess  the  tech¬ 
nologies  of  the  future.  Then  If.  volume  4  we  assess  and  study  state-of-the-art 
technology,  the  programs  that  are  In  force  now.  In  volume  $  wi  d(  elop  a  road¬ 
map  of  how  a  technology  program  would  continue  to  develop  the  technology  base 
required  for  the  specific  concepts  and  missions  considered  and  defined  In 
volumes  1  and  2.  Volume  6  will  set  priorities  and  present  a  realistic  plan  for 
the  development  of  technologies  necessary  to  support  primary  space  missions  us 
defined  In  volume  2.  These  will  be  our  technology  Investment  recommendations. 

This  analytical  product,  our  prioritized  list  of  technologies,  will  not  be 
an  absolute  guide  In  Itself.  It  will  simply  be  a  planning  tool  for  the  senior 
headquarters  staff  to  determine  where  best  to  Invest  their  technoloqy  dollars. 
Most  likely,  other  outside  considerations  will  be  Included,  but  we  feel  that 
the  plan  Is  going  to  be  a  good  starting  point  and  a  good  yardstick  by  which  to 
make  Intelligent  decisions. 

The  technology  plan  alms  to  provide  In  a  single  document  a  systematic, 
logically  derived  way  of  Investing  technology  resources.  We  will  look  at  long¬ 
term  requirements  through  our  projection  of  system  requirements  for  tun  of  - 
the-century  Initial  operating  capability  (IOC)  dates  for  systems.  It  will 
provide  the  rationale  and  guidance  fvr  supporting  these  programs,  thus  making 
the  budget  process  more  systematic.  Tha  model  can  be  used  to  support  specific 
requluiwnts  for  specific  technology  programs.  With  the  model  we  also  maintain 
concurrence  and  synchronization  with  the  Air  Force  and  Systems  Command  space 
plans,  the  Air  Force  Space  Systems'  architecture  study,  and  other  top-level 
guidance  documentation  of  that  nature. 


1  he  techrology  plan  takes  the  Input  and  runs  It  througt*  a  prioritization 
process.  Then,  using  a  resource  review  program,  we  Identify  the  priority  tech¬ 
nology  programs.  The  plan  will  tell  us  something  about  the  availability  of  the 
technology  base  to  support  certain  space  missions. 

The  prioritization  methodology  Is  a  combination  of  subjective  Inputs,  a 
modified  Delphi  process,  some  computer  modeling,  and  some  analytical  work  on 
the  different  parameters.  The  plan  Input  Is  the  group  of  top-level  mission 
requirements  that  come  from  Air  Force  Headquarters  guidance.  First  we  develop 
a  set  of  prioritized  missions.  Wo  attach  Importance  levels  to  specific  mis¬ 
sions  and  rank  them.  Then  we  develop  a  set  of  mission  requirements  that  sup¬ 
port  those  particular  prioritized  missions.  These  are  also  computerized;  then 
we  sum  the  priorities  of  the  missions  that  each  of  the  requirements  supports 
and  work  them  down  one  more  level  to  the  concepts.  At  this  po<nt,  we  construct 
these  concepts  In  order  to  determine  what  technologies  are  required  to  support 
these  specific  requirements. 

Concepts  then  go  through  a  review  that  Identifies  the  mission  requirements 
that  each  concept  supports.  At  the  ‘ust  level  of  the  plan,  which  Is  the  tech¬ 
nology  level,  we  Ide^lfy  the  priorities  of  the  concepts  supported  by  these 
technology  programs  to  maintain  a  logical  flow  throughout  this  entire  scheme, 
which  ultimately  links  technologies  to  specific  missions.  Technologies  that 
support  more  than  one  concept,  or  rare  than  one  mission,  get  appropriate 
emphasis  In  the  prioritization  process. 

A  major  advantage  of  the  model  Is  Its  ability  to  Incorporate  policy 
changes.  If  there  are  changes  In  the  mission  rankings,  for  Instance  If  ths 
apace  station  were  to  iie  adopted  by  the  military  as  a  firm  requirement,  we 
touic  alter  the  mission  requirements  up  front.  Another  problem  we  are  con¬ 
cerned  about  is  ballistic  missile  defense.  We  do  not  know  where  to  fit  that  In 
the  model  right  now  bee;  se  major  decisions  are  yet  to  be  made  on  the  process. 
Out  the  model  proce-s  the  model  Itself,  can  accommodate  these  types  of  change. 

Technology  breakthroughs  are  accounted  for  with  the  mode1.  We  can  f'rd 
potential  problem  ureas  In  this  same  process;  we  can  Isolate  concepts  tnat  are 
affected  by  technology  problems  and  Ider.lfy  changes  In  performer.'.#  and  changes 
In  the  availability  dates  of  these  systems. 

The  schedule  we  are  working  against,  the  end  product,  Is  the  publication 
of  volume  6.  Earl  er  volumes  are  Suing  restudied  and  a  third  edition  con¬ 
taining  new  mission  requirements  Is  in  the  process.  This  project  Is  being 
developed  by  Air  Staff,  Space  Command,  and  Sr  ace  Division  planning  staff 
through  the  Space  Systems  architecture  study.  Volumes  3  and  ♦  are  being  up¬ 
dated  with  support  from  the  laboratories  and  the  A1AA  panels.  And  we  are 
working  on  the  msthodo’ojy  of  volume  6. 

To  conclude,  we  at  the  a  »aee  technology  Center  believe  that  the  model  Is 
a  very  orderly,  systematic  way  of  Joining  technology  needs  to  specific  space 
missions.  It  supports  top-level  guidance,  the  space  plan  from  Air  Force  and 
Systems  Command.  And  It  Is  an  effective  tool  for  communicating  with  the  Air 
Staif  pioorar,  clement  monitors,  with  the  laboratory's,  and  with  Industry. 

Volume  6  will  he  the  Air  Force  Space  Technology  Center  Space  Technology  Plan. 

It  will  be  a  guide  for  determining  how  we  Invest  our  technology  dollars,  and 
It  wJ -1  gl  e  the  (dtionle  for  supporting  programs  1r.  th\  program  objective 
memorandum  (POM)  process. 
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University  of  Iowa 
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Artificially  produced  electron  beans  have  been  used  axtansivaly  during  the 
past  decade  as  a  tetans  of  ^roiAng  the  magnetosphere  (ref.  1),  and  more  recently  as 
a  means  of  actively  control iim  spacecraft  potential  (ref.  2).  Experimentation  in 
thaaa  areas  has  proven  value  LI  «<,  yet  at  timae  confusing,  due  to  the  interaction  of 
the  electron  beam  with  the  aabiant  plasma.  The  OS8-1/STS-3  Mission  in  March  1982 
provided  a  unique  opportunity  to  study  beam-plasma  interactions  at  an  altitude  of 
240  km.  On  board  for  this  mission  was  a  Fast  Pulse  Electron  Generator  (PPEG), 
which  served  as  part  of  Utah  State  University's  Vehicle  Charging  and  Potential  ex¬ 
periment.  Measurements  made  by  the  Plasma  Diagnostics  Package  (PDP)  while  extended 
on  tha  Orbitar  RMS  show  modi fleet Iona  of  the  ion  and  electron  energy  distributions 
during  electron  beam  Injection. 

In  this  paper,  some  of  tha  observations  made  by  charged  particle  detectors  era 
discussed  and  related  to  measurements  of  Orbitar  potential.  The  paper  Is  divided 
into  three  sections.  A  brief  description  of  several  of  tha  PDP  Instruments  appears 
first,  followed  by  a  section  describing  the  joint  PDP/FPKG  experiment.  The  third 
section  consists  of  observations  made  during  electron  beam  injection. 


INSTRUMENTATION 

The  PDP  carries  a  wide  range  of  Instruments  for  the  measurement  of  pressure, 
waves,  fields,  and  particles.  A  discussion  of  these  Instruments  and  some  of  the 
preliminary  results  of  the  mission  can  be  found  in  3hawhan  at  al.  (ref.  3).  Of  in¬ 
terest  for  this  discussion  are  the  charged  particle  detectors,  and  to  a  lasser  ax- 
tent,  instruments  used  to  msasure  electric  potential  and  the  geomagnetic  field  In 
the  vicinity  of  the  Orblter. 

The  Low  Rnergy  Proton  and  Electron  Differential  Energy  Analyser  (LEPBDEA)  Is  a 
curved  plate  detector  capable  of  detecting  ions  and  electrons  with  energies  between 
2  eV  and  36  keV.  It.  Is  nearly  Identical  to  Instruments  flown  on  ISSB-1  and  ISEB-2. 
The  energy  resolution  of  LRPIDEA  Is  &E/R  -  0.16,  and  1.6  sac.  is  required  for  a 
complete  energy  seen.  The  LEPBDEA  fields  of  view  are  shown  in  figure  1.  The  seven 
detectors  are  sampled  simultaneously  and  together  have  a  field  of  view  of  6  degrees 
by  162  degrees. 

*Thia  work  is  supported  by  NASA/Lewis  Research  Grant  No.  NAG3-449 
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An  electron  fluxmatar  is  also  included  in  the  PDF  for  detection  of  electrons. 
This  instrument  samples  the  electron  flux  Independent  of  energy  ten  times  per  sec¬ 
ond.  The  fluxmeter  is  directed  opposite  to  the  LEPEDEA.  It  has  a  wide  field  of 
view  with  low  angular  resolution. 

Electric  fields  were  measured  by  two  20  cm  spherical  probes  separated  by  1.6m. 
The  average  potential  between  these  spheres  was  measured  relative  to  Orbiter  ground 
with  a  range  of  *8.2v.  Whan  the  PDP  was  extended  on  the  RMS,  this  potential  was  a 
measure  of  the  plasma  potential  in  the  vicinity  of  the  POP. 

A  trlaxial  fluxgate  magnetometer  was  used  to  measure  magnetic  fields.  The 
magnetometer  sampled  the  magnetic  field  10  times  aach  second,  elong  each  of  its 
3  exes  with  e  resolution  of  112  agauaa. 


THE  JOINT  PDP/FPEG  EXPERIMENT 


Joint  operations  between  the  POP  and  tha  FPEG  wara  conducted  while  the  Orbiter 
waa  in  a  nose-to-suu  attltuda  with  a  roll  rata  of  twica  per  orbit  (sea  figure  2). 
For  the  experiment  discussed  in  this  paper,  the  FPEG  emitted  a  50-aA,  1-kaV,  unmod¬ 
ulated  electron  beam.  A  total  of  eleven  emleelons  occurred  under  both  daytime  and 
nighttime  conditions  and  at  various  injection  pitch  angles  with  .each  emission  ap¬ 
proximately  fifteen  minutes  in  duration.  During  these  injections,  the  PDP  was  de¬ 
ployed  on  the  Orbiter  MMS  and  moved  about  tha  Orbitar  in  an  affort  to  locate  the 
beam. 

Tha  primary  instrument  for  location  of  the  beam  waa  an  alactron  fluxmatar  lo- 
catad  on  the  oppoalte  aide  of  the  PDP  from  the  LEPEDEA.  During  the  search  for  the 
beam,  the  fluxmatar  waa  pointed  downward  toward  tha  FPEG  apartura  in  the  Orbiter 
bay  which  laft  the  LEPEDEA  looking  ewey  from  tha  electron  beam.  Bacauae  of  thia 
orlantatlon,  tha  LEPEDEA  did  not  datact  primary  baam  alactrona.  At  tlmaa,  however, 
the  PDP  wee  rotated  through  90  degrees  about  its  spin  axis  (sea  figure  1)  which  al¬ 
lowed  tha  LEPEDEA  to  view  a  range  of  particle  pitch  anglaa  including  primary 
particle* < 


OBSERVATIONS 


Because  of  changing  Orbiter  attitude  (twice  per  orbit  roll  rate)  end  varia¬ 
tions  in  the  geomagnetic  field  over  tne  course  of  an  orbit,  a  wide  range  of  injec¬ 
tion  pitch  angles  wart  obsarvad.  Calculations  by  J,  Sojka  of  Utah  Stats  University 
•how  that  for  Injection  pitch  angles  greeter  than  about  60  degrees  (depending  on 
the  precise  beam-orbltar  orientation),  the  beam  intercepted  the  Orbiter  surface. 

At  angles  lass  than  this  the  beam  escaped.  Qualitative  analysis  of  chargad  parti¬ 
cle  and  potential  measurements  made  by  tha  PDP  support  thia  analysis. 

Ambient  electrons  (photoalectrons)  were  detected  with  energies  up  to  about 
80  eV  during  the  day  and  10  *V  at  night,  while  Ions  wara  seen  at  anargiea  princi¬ 
pally  below  10  eV  during  both  day  and  night.  During  beam  injection  at  angles  leea 
than  30  degress,  intense  fluxaa  of  alactrona  ware  datactad  at  energies  up  to  the 
primary  beam  energy  of  1  ksV.  Virtually  no  ions  were  eaan  at  tnase  times.  En¬ 
hanced  electron  fluxes  were  obeerved  at  ell  points  accessible  to  the  PDP,  Howover, 
due  to  the  limited  reach  of  tha  RMS,  no  measurements  war*  mad*  at  diatances  greater 
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than  7m  from  the  beam.  For  beam  injection,  at  angles  greater  than  60  degrees,  the 
measured  ion  and  electron  fluxes  often  ambled  the  flux  seen  with  the  beam  off. 


Measurements  of  Orbiter  potential  during  amall  angle  injection  also  differed 
from  the  ambient  case.  When  the  beam  was  off,  the  Orbiter  potential  relative  to 
the  nearby  plasma  remained  <  *8.2v  consistent  with  V  x  B  *  L  (ref.  3).  When  the 
beam  was  Injected  at  leaa  than  30  degrees,  the  potential  was  offacale  And  positive, 
and  dropped  below  the  maximum  measurable  value  of  G.2v  only  at  the  maximum  distance 
from  the  beam  of  7m.  Potentials  during  large  angle  injections  wore  generally  near¬ 
er  to  those  measured  with  the  beam  off. 

The  observations  tend  to  support  the  claim  that  the  beam  did  escape  from  the 
near  vicinity  of  the  Orbiter  for  small  angla  injection,  but  did  not  at  largar  an¬ 
gles,  The  enhanced  electron  flux  and  elevated  potential  associated  with  small  an¬ 
gle  injection  may  be  due  to  escape  of  the  beam.  If  this  la  so,  the  large  angle 
conditions  which  were  so  similar  to  ambient  conditions  could  be  due  to  the  electron 
beam  Impacting  the  Orbiter  rather  than  escaping.  In  this  case,  almost  all  of  the 
beam  current  l.s  collected  so  that  the  disturbance  is  localised  and  the  Orbitar  d^aa 
not  nead  to  charge. 

Figure  3  shows  the  measured  flux  during  one  of  these  rotations  which  took 
place  at  e  distance  of  7m  from  the  canter  of  the  beam.  Since  this  distance  is 
roughly  twice  the  gyroradlus  of  a  1  kaV  electron  travailing  perpendicular  to  the 
magnetic  field,  these  measurements  must  be  of  electrons  outside  of  the  primary 
beam.  The  angles  shown  in  figure  3  are  the  pitch  angles  of  electrons  as  they  were 
detected  by  the  LEPEDEA.  Angles  greater  than  90  degrees  correspond  to  electrons 
travelling  dowr  the  field  lines  from  the  direction  in  which  the  beam  wee  injected. 
Angles  leas  then  90  degrees  indicate  electrons  moving  up  the  field  in  the  seme  di¬ 
rection  as  the  outgoing  beam.  Although  pitch  anglas  less  than  30  degrees  and 
greeter  than  140  degrees  were  not  sampled,  this  figure  seems  to  show  e  net  return 
of  electrons  along  the  field  lines  from  the  direction  in  which  the  beam  was  in¬ 
jected  indicating  that  mors  current  returns  from  the  upper  hemisphere  during  up¬ 
wards  injection  then  from  the  lower. 

Baeed  on  this  preliminary  analysis  of  measurements  made  during  electron  beam 
emission,  it  appears  that  the  electron  bcem  did  escape  from  the  Orbiter.  These  es¬ 
capes  Induced  positive  Orbiter  potentlale,  and  were  associated  with  enhanced  fluxes 
of  electrons.  During  escape  of  the  beam,  there  la  evidence  that  thare  waa  a  net 
flow  of  electrons  along  the  magnetic  field  from  the  direction  in  which  the  beam  was 
Injected. 
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Figure  1.  -  LEPEOEA  fields  ol  view. 


Figure  2.  -  STS  3  orbit  attitude,  March  24,  1982  -  nose  to  Sun  with  twice  per 
orbit  roll  rate. 
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VEHICLE  CHARGING  ON  STS-3  MISSION* 

P.  R.  Williamson,  P.  M.  3anks,  and  L.  R.  0.  Storey 
Stanford  University 
Stanford,  California  95305 

W.  3.  Raltt 
Utah  State  University 
Logan,  Utah  84322 


In  the  Vehicle  Charging  and  Potential  experiment  on  the  STS-3  mission,  a  pulsed 
electron  gun  w»s  used  to  eject  known  charges  and  currents  from  the  Shuttle  Orbiter, 
and  the  resulting  perturbations  of  the  surface  charge  and  current  densities  were  studied 
with  appropriate  instruments.  An  ejected  current  of  100  mA,  if  maintained  for  a  time 
sufficiently  long  for  equilibrium  to  be  established,  could  change  the  vehicle  potential 
by  50  V  or  more  when  the  ambient  plasma  density  was  low.  In  general,  the  observed 
perturbations  could  be  ordered  qualitatively  In  terms  of  the  plasma  density  and  of  the 
attitude  of  the  shuttle  relative  to  its  orbital  velocity  vector. 

l.  Introduction 

The  Vehicle  Charging  and  Potential  (VCAP)  experiment  flown  on  the  STS-3  mission 
was  designed  to  study  the  electrical  int  :  action  of  the  shuttle  orbiter  with  the  low  earth 
orbit  environment,  The  interaction  of  a  large,  orbiting  body  with  the  low  earth  space 
environment  is  no*,  well  known.  With  the  initiation  of  ar,  operational  era  hi  cpace,  it  is 
necessary  that  we  understand  (1)  the  perturbations  produced  by  the  orbiter  as  it  moves 
through  the  near  earth  environment,  (2)  the  environment  as  provided  to  instrumentation 
operating  in  the  payload  bay  of  the  orbiter  and  (3)  the  effects  that  the  environment  exerts 
upon  the  orbiter  itself.  Future  missions  which  depend  upon  knowledge  nf  the  electrical 
interaction  of  the  orbiter  with  the  space  environment  include  those  with  high  power 
charged  particle  beam  experiments  and  others  with  long  antennas  operating  at  high 
voltages  in  the  VLF  frequency  range.  Also,  when  operations  begin  with  orbit  inclinations 
above  about  50  degrees,  large  fluxes  of  energetic  electrons  (and  protons)  will  bombard 
tue  orbiter  when  the  vehicle  is  at  high  magnetic  latitudes.  In  the  past,  satellites  have 

*T'uis  woik  was  conducted  under  NASA  contract  NAS5-24455  at  Utah  State  University 
and  Stanford  University  and  by  NASA  grant  NAGWr  235  et  Stanford  University. 
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been  adversely  affected  by  electrical  discharges  induced  by  energetic  particle  bombard¬ 
ment  and  these  problems  present  similar  concerns  for  the  dielectric-covered  orbiter.  The 
VCAP  experiment  on  STS-3  was  designed  to  study  the  interactions  between  the  orbiter 
and  the  environment  which  are  of  importance  to  understanding  these  problems. 

•  2.  Instrumentation 

An  electron  gun  with  fast  pulse  capability  was  used  in  the  VCAP  experiment  to 
actively  perturb  the  vehicle  potential  in  order  to  study  dielectric  charging,  return  current 
mechanisms  and  the  techniques  required  to  manage  the  electrical  charging  of  the  orbiter. 
Return  currents  and  charging  of  the  dielectrics  were  measured  during  electron  beam 
emission,  and  plnsma  characteristics  in  the  payload  bay  were  determined  in  the  absence 
of  electron  beam  emission. 

The  VCAP  instrumentation  as  Gown  on  the  OSS- 1  pallet  during  STS-3  includes  five 
separate  pieces  ot  hardware: 

1.  Fast  Pulse  Electron  Generator  (FPEG)  -  The  FPEG  consists  of  two  independent 
electron  guns  which  ;»re  of  the  diode  configuration  with  a  directly  heated  tungsten 
filament  and  a  tantalum  anode.  The  two  guns,  designated  as  FPEG  1  and  FPEG 
2,  emit  electrons  with  an  energy  of  1000  eV  at  currents  of  100  mA  and  SO  mA 
respectively.  The  electron  beams  are  collimated  to  a  beam  width  of  about  5  degrees 
by  focus  coils  mounted  just  beyond  the  anodes.  Each  gun  is  controlled  by  a  37-bit 
serial  command  word  which  selects  the  gun  to  be  used,  controls  filament  and  high 
voltage  power  supplies,  and  determines  the  on  time,  off  time  and  number  of  pulses  of 
the  beam.  The  times  are  controllable  in  32  logarithmic  steps  from  600  nanoseconds 
to  107  seconds  and  the  number  of  pulses  is  controllable  in  poweis  or  two  from  1  to 
32,763.  The  rise  and  fall  times  for  the  electron  beam  are  100  nanoseconds  so  that 
very  short  pulses  (and  therefore  small  increments  of  charge)  can  be  emitted. 

2.  Charge  Current  Probes  (CCPl  and  CCP2)  -  Each  Charge  Ourren  Probe  (CCP)  con¬ 
sists  of  two  adjacent  sensors  —  one  metallic  and  one  dielectric  —  as  shown  in  figure 
1.  The  current  flowing  to  the  metallic  sensor  is  used  as  an  indication  of  the  return 
current  to  exposed  metal  surfaces  on  the  orbiter.  The  dielectric  sensor  provides  a 
measurement  of  the  charge  accumulation  on  the  dielectric-covered  surfaces  of  the 
orbiter;  the  material  used  for  the  charge  probe  dielectric  is  from  the  same  batch  of 
Flexible  Reusable  Surface  Insulation  (FRSI)  that  was  used  on  the  Columbia  (OV- 
102)  and  covers  the  payload  bay  loors  and  upper  wing  surfaces  (fig.  2).  Both  of  the 
CCP  sensors  respond  rapidly  to  change?  in  the  orbiter  potential  Measurement  rates 
were  set  at  60  samples  per  second  but  peak  hold  measurements  of  both  current  and 
charge  were  made  which  allowed  spikes  longer  than  100  nanoseconds  to  be  captured. 


ORB ITER  FRSI 


The  Charge  Probe  measures  dh  jctly  tne  charging  of  a  metal  plate  covered  by  a  piece 
of  FRSI.  Since  this  ;3  the  same  material  as  covers  the  payload  bay  doors  and  upper 
wing  surf  »,  we  assume  tha‘  measurements  made  on  the  FRSI  in  the  payload  bay  are 
indicative  of  the  behavior  of  this  same  material  on  the  orbiter.  The  metal  plate  is  con¬ 
nected  to  ' -  ,e  input  of  a  charge  amplifier  yAg.  3).  When  the  v  .wcle  potential  changes,  so 
does  the  charge  induced  on  the  metal  plate:  the  charge  increment  is  equal  to  the  change 
in  potential  multiplied  by  the  capacity  between  the  plate  s  he  ambient  plasma.  The 
charge  amplifier  converts  t'  is  increment  to  a  voltage.  Assuming  a  theoretical  value  for 
the  capacity,  the  change  in  vehicle  potential  can  Iv  dated  by  scaling  the  output 
volte  -je  appropriately.  This  is  shown  from  the  CCP  measurement  of  vehicle  potential. 
However  two  reservations  should  be  made  with  reg.  r  *  •  -  these  data:  firstly,  the  probe 
can  only  measure  changes  in  the  vehicle  potential,  an.i  not  its  absolute  value;  secondly, 
the  actual  capacity  of  the  probe  depends  on  the  state  "f  the  ambient  plasma  so  it  may 
depart  uignifica  tly  from  the  assumed  vali  e.  Hence,  altuough  the  charge  increments  are 
measured  precisely,  the  inferred  changes  in  vehic?  po  jntia  are  only  approximate,  and 
may  differ  for  two  -Luarge  Probes  mounted  at  different  places  on  the  same  spacecraft. 

On  STS-3,  wo  sets  he  CCP  (designated  CCPl  and  CCP2)  were  used  with  CCPl 
mounted  adjaernt  to  the  FPEG  and  CCP2  mounted  on  the  opposite  corner  of  the  pallet 
as  far  away  from  the  FPEG  as  possible.  These  probes  provide  measurements  of  vehicle 
potential  changes  and  return  currents  induced  by  operation  of  the  FPEG  with  high  time 
resolution  at  voltages  up  to  1000  volts  and  currents  up  to  4  mA. 

3.  Spherical  Retarding  Potential  Analyzer  (SRPA)  -  The  Spherical  Retarding  Potential 
Analyzer  measures  the  density  and  energy  of  ions  and  provides  an  absolute  value 
for  the  vehicle  potential  as  well  as  a  measurement  of  the  plasma  environment  in 
the  payload  bay.  The  SRPA  has  a  10  cm  diameter  spherical  collector  surrounded 


by  a  20  cm  diameter  spherical  grid.  The  biasing  voltages  applied  to  these  electrodes 
result  in  tar  collection  of  positive  ions  by  the  collector.  In  the  frame  of  reference  of 
the  orbiter  the  dominant  ambient  ion  0+  will  have  a  drift  energy  of  approximately 
5  eV.  This  energy  is  related  to  the  orbiter  velocity,  which  is  well  knowL,  so  any 
deviation  of  the  0+  drift  energy  from  the  expected  value  gives  a  measure  of  the 
electrical  potential  of  the  orbiter  structure  relative  to  the  ionosphere.  A  Langmuir 
probe  is  attached  to  the  SRPA,  This  probe  is  a  small,  spherical  probe  which  measures 
the  density  and  temperature  of  electrons  and  provides  a  cross  check  on  the  vehicle 
potential.  The  SRPA/Langmuir  probe  instrument  is  mounted  on  a  corner  of  the 
pallet  as  far  from  other  surfaces  n  possible  to  give  the  best  opportunity  to  acquire 
data  uncontanrnated  by  wake  effects. 

4  Digital  Control  Interface  Unit  (DCIU)  -  The  Digital  Coutrol  Interface  Unit  provided 
all  signal,  command  and  power  interfaces  between  the  VCAP  instrument  and  the 
pallet.  Power  switching  and  command  decoding  were  done  in  the  DCIU.  Three 
microprocessors  (1802  type)  were  used  in  the  DCIU.  The  control  microprocessor 
stored  sequences  of  time-tagged  serial  commands  in  both  ROM  and  RAM.  These 
sequences  of  commands  could  be  initiated  in  response  to  a  single  command  sent  from 
a  source  external  to  the  DCIU  and  perform  a  series  of  operations  such  as  FPEG 
pulsing,  gain  changing  and  resets.  A  second  microprocessor  was  used  to  control  the 
offset  of  the  SRPA  sweep  voltage.  The  third  microprocessor  was  used  to  monitor 
temperatures,  voltages  and  currents  and  to  set  out  of  limit  flags  passed  as  bi-level 
signals  to  the  orbiter  GPC  for  display  and  alarm  signaling. 

3.  Measurements 

Passive  and  active  operations  were  performed  during  OSS-1.  The  SRPA  and  CCP’s 
were  operating  throughout  the  mission  and  data  obtained  when  the  electron  gun  was 
not  being  operated  determine  the  characteristics  of  the  orbiter  and  the  payload  bay 
environment  in  the  absence  of  perturbations  from  active  experiments. 

The  electromagnetic  interference  (emi)  levels  during  the  mission  were  the  lowest 
experienced  during  the  project  and  were  immeasurably  low  on  orbit.  The  thrusters 
produced  disturbances  which  were  variable  in  character  and  magnitude.  Strong  ram/wake 
effects  were  seen  in  the  ion  densities  in  the  payload  bay.  Measurements  of  the  vehicle 
potential  offset  indicate  that  the  main  engine  nozzles  provide  a  reference  potential 
to  the  ionoepheric  plasma  surrounding  the  vehicle.  Because  the  orbiter  is  07%  covered 
with  dielectric  materials,  the  main  engine  nozzles  provide  the  primary  contact  bet¬ 
ween  the  orbiter  metallic  structure  and  the  plasma.  Vehicle  potentials  were  variable 
with  respect  to  the  plasma  and  depended  upon  location  on  the  vehicle  relative  to 
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Figure  4.  -  Sequence  of  electron  current  pulses  suit ted  by  the  Pest  Pulse 

llectron  Generator. 

the  main  engine  nozzles,  the  vehicle  attitude  and  the  direction  of  the  geomagnetic 
field;  their  variations  are  consistent  with  the  expected  effects  of  the  Vx  B  electric  field. 

Active  experiments  were  performed  by  emitting  a  series  of  electron  beam  pulses,  as 
illustrated  in  figure  4  for  instance.  Inside  each  of  the  positive-going  pulses  shown  in 
this  figure  there  are  16  narrower  rectangular  pulses  of  100  mA  peak  current,  increasing 
in  width  from  each  group  of  16  to  the  next.  Thus  the  amplitude  of  the  wider  pulses, 
which  is  equal  to  the  average  of  the  current  over  the  repetition  period  of  the  narrower 
pulses,  increases  throughout  the  sequence.  The  wider  pulses  are  arranged  in  groups  of 
three,  and  between  each  group  and  the  next  the  Charge  Probes  are  reset  to  zero  so  as 
to  eliminate  long-term  drift. 

Data  taken  during  one  such  sequence,  designed  to  study  vehicle  charging  and  return 
current  mechanisms  and  labeled  Charge  Current  (CC),  are  shown  in  figure  5;  see  table 
1  for  the  meanings  of  the  symbols.  The  sequence  begins  with  one  microsecond  pulses 
(which  show  no  measurable  perturbation).  When  the  pulse  widths  are  increased  to  more 
than  a  millisecond  in  duration,  significant  charging  of  the  orbiter  occurs  with  induced 
potentials  of  tens  of  volts.  The  potentials  measured  close  to  the  FPEG  are  higher  than 
those  on  the  far  side  of  the  pallet  and  may  indicate  that  a  sheath  developed  around 
the  vehicle.  The  currents  at  the  two  locations  (CCPl  and  CCP2)  are  also  different,  with 
the  larger  current  near  the  electron  gun  as  might  be  expected  since  the  beam  produces 
locally  enhanced  ionization  levels. 


24 


VCRP 


SECONOS  SINCE  START  OF  SEQUENCE 

Figure  3.  -  Representative  chart*  currant  sequence  (1132  OUT  on  23  March  1*12) 
in  data  fro*  Sira  (graph  1 aba lad  IP) ,  no  Ion  currant  la  obaarvad  until  about 
34  •  after  atart  of  pula*  sequence:  rectangular  vevafom  aaan  at  earlier 
tiwea  la  due  to  vitonatic  aw;  chlng  of  eleetronlce  between  two  rant**  with 
dif'erent  sensitivities. 

In  a  hither  time  resolution  p'.>t  of  a  portion  of  the  same  CC  sequence  (not  shown) 
it  eppears  that  the  measured  curienta  recover  to  their  normal  non-emission  levels  in 
the  short  time  between  pulses,  but  the  charge  on  the  dielectric  is  retained  and  decays 
much  more  slowly.  Time  constants  for  the  vehicle  potential  (or  dielectric  charging)  to 
return  to  non-emission  levels  vary  from  less  than  one  second  up  to  minutes.  Thus,  in 
the  two  lowermost  graphs  of  fig.  5,  more  marked  fluctuations  appear  on  the  later  groups 


of  pulses  than  on  the  earlier  groups;  this  difference  is  probably  due  to  the  reduction  in 
the  time  constant  as  the  vehicle  potential  increases. 

One  of  the  most  distinctive  features  of  the  STS-3  Sight  results  is  the  variety  in  the 
measurements  of  charging  and  return  current.  Virtually  any  combination  of  results  can 
be  found  in  the  52  Charge  Current  sequences  that  were  performed  during  this  mission. 
In  some  cases  the  charging  is  negligible,  in  other  cases  charging  is  significant  and  more 
than  50  volts  for  the  same  sequence.  Return  currents  can  be  small  or  large  and  either  the 
same  on  both  probes  or  with  either  one  large  and  the  other  negligible.  In  the  following 
series  of  figures  we  show  examples  of  this  panoply  of  measurements. 

Figure  0  shows  some  data  taken  during  local  daytime,  with  the  nose  of  the  shuttle 
pointing  towards  the  sun  and  with  the  instruments  looking  into  the  wake.  The  latter 
circumstance  explains  the  low  charging  currents  and  also  the  failure  of  the  Langmuir 
probe  to  measure  an  electron  current.  The  fact  that  the  SRPA  nevertheless  measured  a 
substantial  ion  current  is  unexplained.  On  this  occasion,  operation  of  the  electron  gun 
led  to  large  positive  excursions  of  the  vehicle  potential. 

The  data  shown  in  figure  7  were  also  acquired  in  the  daytime,  with  the  shuttle  in 
the  same  attitude  relative  to  the  sun  but  in  a  different  attitude  relative  to  the  orbital 
velocity  vector.  The  instruments,  though  still  somewhat  in  the  wake,  were  less  well 
shielded  from  the  plasma  than  on  the  occasion  represented  in  figure  0.  The  attitude  was 
such  that  the  main  engine  nozzles  were  pointed  more  or  'ess  along  th^  orbit,  i.e.,  in  the 
ram  direction.  Hence,  the  vehicle  was  in  better  electrical  contact  with  the  plasma,  which 
explains  why  its  potential  was  relatively  unaffected  by  '.he  gun  operations. 

In  the  data  of  figure  8,  the  electron  and  ion  currents  are  comparable  with  those  noted 
in  figure  7.  No  attitude  data  arc  available  for  this  case  at  the  time  of  writing,  Out  aince 
the  vehicle  potential  did  not  vary  much,  again  there  must  have  been  good  contact  with 
the  plasma.  Even  during  the  most  intense  FPEG  emissions,  neither  of  the  current  probes 
registers  much  current,  which  means  that  the  return  current  must  have  been  flowing 
elsewhere. 

Figure  0,  like  figure  7,  presents  data  acquired  during  the  day  with  the  shuttle  in  the 
nose-to-sun  attitude  and  with  the  instruments  partly  in  the  wake.  The  electron  and 
ion  densities  are  greater  this  time,  however.  The  changes  in  vehicle  potential  are  even 
less  than  in  the  cue  of  figure  8,  but  contrariwise  the  current  probes  both  register  large 
currents;  their  data  are  unusual  in  that  the  probe  further  from  the  FPEG  collects  the 
larger  current. 

The  data  of  the  final  figure  10  show  large  electron  and  ion  densitities,  with  the  output 
from  the  ion  probe  even  going  off  scale.  The  sizeable  current  on  CD2  during  the  period 


from  -30  a  to  0  8  suggests  that  this  current  probe  was  then  facing  towards  the  ram 
direction;  the  drop  in  current  at  0  s  may  be  due  to  the  probe  having  been  taken  out  of 
this  orientation  by  vehicle  roll.  The  FPEG  pulse  sequence  had  almost  no  effect  on  any 
of  the  six  instruments  in  the  VCAP  package. 

Figures  6-10  have  been  presented  in  the  order  of  increasing  ambient  plasma  density, 
at  least  as  indicated  by  the  Langmuir  probe  and  the  SRPA.  Qualitatively,  increased 
density  leads  to  greater  stability  of  the  vehicle  potential,  as  one  would  expect. 

Although,  as  mentioned  earlier,  the  53  recorded  Charge  Current  sequences  show  a 
wide  variety  of  behavior,  this  proves  to  be  reproducible  if  the  sequences  are  ordered  in 
terms  of  two  parameters,  namely  the  plasma  density  and  the  attitude  of  the  shuttle 
relative  to  its  orbital  velocity  vector.  For  a  given  density  and  attitude,  qualitatively 
similar  behavior  has  been  observed  on  different  occasions.  Other  parameters,  such  ar  the 
attitude  relative  to  the  earth’s  magnetic  field  and  the  presence  or  absence  of  sunlight, 
are  less  influential  but  not  negiible. 

4.  Conclusions 

The  VCAP  experiment  on  STS-3  has  shown  that  active,  controlled  experiments  on 
shuttle  charging  can  be  successfully  performed  from  the  payload  bay  of  the  orbiter. 
Electron  beams  have  been  used  to  perform  a  series  of  experiments  to  study  the  electri¬ 
cal  interaction  of  the  orbiter  with  the  surrounding  euvironment  and  the  environment 
orovided  to  the  payload.  A  preliminary  analysis  of  the  data  has  shown  that,  qualita¬ 
tively,  they  are  reproducible  and  understandable,  which  strengthens  our  confidence  that 
it  v  ill  be  possible  to  model  them  quantitatively  in  the  long  run. 
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Thf>  third  Space  Shuttle  flight  on  Columbia  carried  instrumentation  to  measure 
thermal  plasma  density  and  temperature.  Two  separate  investigations,  the  Plasma 
Diagnostics  Package  (PDP)  and  the  Vehicle  Charging  and  Potential  Experiment  (VCAP), 
cat rled  a  L&ugmuir  Probe,  and  the  VCAP  also  included  a  Spherical  Retarding  Poten¬ 
tial  Analyzer  (SRPA).  The  Langmuir  '’robe  on  the  PDP  made  measurements  while  the 
PDP  was  attached  to  the  pa' let  in  the  Orblter  bay  and  while  the  POP  was  articulated 
by  the  RMS.  Only  those  measurements  made  while  the  PDP  is  in  the  payload  bay  are 
discussed  here  since  the  VCAP  .instrumentation  remains  in  the  payload  bay  at  all 
times  and  the  two  measurements  are  compared. 

Figure  1  illustrates  the  location  of  the  PDP  and  VCAP  instrumentation  on  the 
science  payload  pallet. 

The  principle  thrust  of  this  paper  is  to  discuss  the  wake  behind  a  large 
structure  (in  this  case  the  Space  Shuttle  Orbiter)  flying  through  the  ionospheric 
plasma.  Much  theoretical  work  has  been  done  regarding  plasma  wakes  (ref.  1)  and  to 
a  certalr  extent  laboratory  plasmas  have  provided  an  experimental  and  measurement 
basis  set  for  this  theory.  The  instrumentation  on  this  mission  gives  the  first  da¬ 
ta  taken  with  a  large  vehicle  in  the  ionospheric  laboratory. 

First,  the  POP  Langmuir  Probe  and  its  data  set  will  be  presented,  then  the 
VCAP  Langmuir  Probe  and  SRPA  with  associated  data,  A  discussion  of  agreement  be¬ 
tween  the  two  dita  sets  is  then  followed  by  some  other  PDP  data  which  Infers  an 
even  lower  wake  density. 

Lastly,  conclusions ,  caveats  and  a  description  of  future  work  which  will  fur¬ 
ther  advance  the  measurement  techniques  and  data  set  are  put  forth. 


PDP  LANGMUIR  PROBE  RESULTS 


The  PDl  Langmuir  Probe  is  a  6  cm  diameter  gold-plated  sphere  which  is  operated 
in  two  modes,  the  AN/N  mode  and  the  swept  mode.  The  swept  mode  which  is  of  concern 

*Th4 s  work  is  supported  by  NASA/Lewis  Research  Grant  No.  NAG3-449 
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Figure  1.  -  Science  pallet  configuration  on  STS-3  showing  location  of  instru¬ 
mentation. 

here  ia  a  120  atep  voltage  aweep  which  lasta  1.2  seconds  and  ia  executed  5  times 
per  minute.  The  nominal  density  range  of  the  probe  Is  approximately  5  x  J.02  to 
5  x  10^ /cm3,  the  precise  aensitlvlty  depending  on  temperature.  Operating  in  this 
mode,  the  Langmuir  Probe  has  a  current  voltage  characteristic  whose  slope  is  pro¬ 
portional  to  1/TW  and  which  has  a  "knee"  In  the  curve  proportional  to  Ne, 

There  are  two  limitations  to  the  POP  Langmuir  Probe  measurements.  The  first 
occurs  when  the  plasma  la  too  dense  to  really  see  the  entire  knee  of  the  curve  re¬ 
sulting  In  Instrument  saturation  and  an  underestimate  of  density.  The  second  oc¬ 
curs  when  the  plasma  temperature  is  too  high  and  density  too  low  to  get  a  reliable 
slope  resulting  in  only  cn  upper  bound  on  density  and  lower  bound  on  temperature. 

Figure  2  illustrates  the  electron  density  and  tcupnrature  for  one  orbit  as  a 
function  of  vehicle  attitude.  (The  data  is  repeated  for  a  second  orbit  to  provide 
clarity  for  the  graph  and  illustrate  e  periodicity  which  ia  real).  The  vehicle 
attitude  Is  described  by  6 ^  and  62  which  are  illustrated  at  the  top  of  the  figure. 
Maximum  wake  occurs  wher  the  vehicle  flies  tail  first  with  the  plasma  rauming  into 
the  Orbiter  belly  (o.g.  GMT  83:20:48).  At  this  point  in  time,  the  vehicle  is 
flying  a  noso-to-sun  attitude  with  a  2  times  orbit  roll.  (See  figure  2  in  the  pa¬ 
per  "Suprethernwl  Plasma  Observed  on  the  STS-3  Mission  by  the  Plasma  Diagnostic 
Package,  by  Paterson  efc  al.  (ref.  2)  in  this  issue  for  a  description  of  tltia 
attitude.)  This  results  in  a  once  per  orbit  ram/wake  cycle  which  is  evident  In 
figure  2  by  the  e“  density  and  neutral  density  (pressure)  measurements. 

Several  Important  observations  summarize  figure  2v 

1.  Although  density  is  near  ambient  while  the  paylaod  bay  is  neither  pointing 
directly  into  the  velocity  vector  or  into  the  wake,  there  is  evidence  that 
the  density  may  be  2  to  10  times  ambient  when  the  bay  points  close  to  the 
velocity  vector.  The  probe  saturates  making  reliable  measurement  above 
2  x  1C£  difficult.  The  region  cross  hatched  in  figure  2  is  where  this 
higher  density  regime  is  encountered. 
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2.  Density  decreases  rapidly  as  the  Orblter  rolls  into  wake  condition 


3.  The  minimum  reliable  measurement  of  density  with  the  PDP  probe  is 
approximately  5x1# /cm3 .  At  least  another  order  of  magnitude  decrease 
is  required  to  pull  the  sweep  totally  off scale  which  is  subsequently 
observed  to  happen.  The  sweep  remains  off scale  for  approximately 

25  minutes  centered  around  83:20:48. 

4.  During  all  non-wake  conditions,  the  temperature  remains  relatively 
constant  at  about  1000*  (130Z). 

5.  Temperature  rises  rapidly  as  density  decreases. 

6.  The  highest  reliable  temperatures  occur  at  6000*K.  However,  the  trend 
continues  suggesting  temperatures  in  excess  of  7000*K  In  the  deep  wake. 

It  is  also  worthwhile  to  note  that  in  near  ram  condition  the  neutral  density 
(pressure)  was  almost  two  orders  of  magnitude  above  ambient  ionospheric  conditions 
and  fell  below  10"7  tore  (the  instrument  sensitivity  limit)  during  wake  conditions. 


THE  VCAP  LANGMUIR  PROBE  AND  SRPA 


Data  on  the  characteristics  of  the  ambient  thermal  plasma  are  extracted  from 
the  probes  using  a  technique  similar  to  that  described  by  Raltt  et  al.  (ref.  3). 
This  AC  technique  employed  for  the  probes  enables  direct  smasurement  of  the  second 
derivative  of  the  SRPA  current-voltage  characteristic  and  the  first  derivative  of 
the  LP  current-voltage  characteristic. 

The  SRPA  signal  is  obtained  by  adding  two  sinusoidal  AC  signals  (at  8.5  kHs 
and  10,7  kHs)  tu  a  sawtooth  sweep  voltage.  The  probe  current  is  passed  through  s 
narrow  band  amplifier  that  selects  the  difference  freqency  of  2.2  kHs,  which  is  a 
measure  of  the  nm-llnearity  of  the  probe  current-voltage  characteristic,  and  re¬ 
sults  in  a  signal  proportional  to  the  second  derivative  of  the  current-voltage 
characteristic.  Two  ac  currant  ranges  are  available:  one  from  -76  dB  to  -24  dB 
and  the  other  from  -40  dB  to  0  dB  relative  to  10“7  amp  rms.  Each  successive  sweep 
of  the  probe  alternates  between  the  two  ranges.  Since  the  sweep  period  is 
17  seconds  the  complete  dynamic  range  is  covered  each  34  seconds. 

The  LP  has  only  one  AC  signal  (at  3.2  kHs)  added  to  the  sweep  voltage.  The 
amplitude  of  the  alternating "component  of  the  probe  current  derived  by  uelng  a  nar¬ 
row  band  amplifier  tuned  to  3,2  kHs  eneblee  the  flret  derivative  of  the  current 
voltage  characteristic  to  be  measured  directly.  A  single  dynamic  current  range, 
from  -80  dB  to  +10  dB  relative  to  10~*  amp  rma,  is  used  for  all  sweeps.  The  range 
of  the  sawtooth  voltage  is  from  -2  V  to  +3  V,  the  period  end  phase  of  the  sweep  be¬ 
ing  synchronised  to  the  SRPA  sweep. 

Figure  3  illustrates  data  taken  under  similar  conditions  ss  that  taksn  by  the 
PDP,  although  at  a  different  tima.  In  this  case  the  vehicle  attitude  is  differ¬ 
ent,  but  the  same  angles  are  uued  to  characterise  the  divactlon  of  the  velocity 
vector.  The  addition  of  the  dork  bar  on  this  figure  serves  to  «how  when  day  and 
night  occur  during  the  orbit. 
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Figure  2.  -  Summary  of  PDF  Langmuir  probe  electron  density  end  temperature  ee 
function  of  vehicle  attitude,  leutrel  pressure  measureskente  ere  included  for 
reference.  Cross-hatched  areas  are  where  probe  sweep  saturates  and  routine 
used  to  calculate  Ic  underest last es  density  by  as  such  as  an  order  of 
magnitude. 


The  results  of  the  Langmuir  Probe  (dotted  line)  end  SKPA  (solid  line)  general- 
ly  confirm  results  of  the  PDF  Langmuir  Probe.  VCAP  Langmuir  Probe  temperatures  are 
not  plotted,  but  the  following  results  are  notablet 

1.  Close  to  ambient  (1000*K)  ionspherlc  temperatures  are  measured  during 
non-wake  condition. 

2.  As  the  Orblter  rolls  into  wake,  a  turbulence  at  all  frequencies  adds  noise 
to  the  3.2  kHx  LP  first  derivative,  but  measurements  indicate  an  increase 
In  temperature  to  beyond  4000* K. 

VCAP  LP  densities  Indicate  the  following: 

1.  An  upper  bound  of  electron  density  when  the  paylaod  bay  faces  close  to 
the  velocity  vector  is  107/cm3. 

2.  Density  during  wake  conditions  drops  to  below  the  instrument  sensitivity 
of  id4  a/cm3. 


The  SRPA  measurements  are  difficult  to  interpret  since  the  peak  in  the  second 
derivative  as  a  function  of  sweep  voltage  for  the  dominant  ionospheric  0**  ion  is 
often  contaminated  by  locally  produced  H2O+  and  NO*.  When  the  (F  peak  is  clearly 
observable,  several  observations  prevail: 

1.  Densities  consistent  with  ambient  ionospheric  0*  are  observed  for  most 
conditions  which  shall  be  referred  to  as  non-wake. 

2.  > 2  orders  of  magnitude  depletion  occurs  in  the  near  wake. 


ADDITIONAL  EVIDENCE  FOR  LARGE  DEPLETION 


Additional  evidence  for  a  many  order  of  magnitude  depletion  in  the  electron 
density  in  the  near  wake  is  provided  by  what  amounts  to  a  sounder  experiment.  Re¬ 
call  that  the  VCAP  SRPA  is  excited  with  a  signal  at.  8.5  and  10.7  kHs.  The  PDF  con¬ 
tains  a  16  channel  (*15%  bandwidth)  spectrum  analyser  capable  of  detecting  electro¬ 
static  or  electromagnetic  weves  over  a  frequency  range  from  30  Hs  to  178  kHs.  The 
instrument  has  a  saturation  of  approximately  1  V/m  electric  field  amplitude  and  a 
usable  dynamic  range  of  about  95  dB. 

During  most  of  the  orbit,  the  Spectrum  Analyser  output  is  dominated  by  broad¬ 
band  orblter  generated  electrostatic  noise,  (ref.  4)  thruster  firings  or  other 
events.  Figure  4  illustrates  that  as  the  wake  boundary  is  approached,  the  electro¬ 
static  noise  disappears  in  all  channels  simultaneously  and  as  the  payload  bay  is 
immersed  deeper  in  the  orblter 's  wake  a  signal  in  the  10  kHs  channel  grows  to  a 
point  of  dominance  in  the  spectrum.  This  in  fact  is  the  VCAP  SRPA  signal.  As  the 
density  drops  so  that  the  plasma  frequency  nears  or  drops  below  10.7  kHs,  this  sig¬ 
nal  can  propagate  to  the  PDP  sensor.  Detailed  calculations  and  modeling  are  being 
done  taking  field  strengths  and  sensor  separation  into  account,  but  preliminary 
work  suggests  that  although  the  PDP  Langmuir  Probe  infers  densities,  <  50/cm3, 
the  density  probably  drops  at  least  another  order  of  magnitude  to  <  5/ca3.  This 
would  be  approximately  six  orders  of  magnitude  of  plasma  depletion  in  the  near  wake 
from  that  measured  under  ram  condition. 


37 


N 

5 


««*£«**  * 

^  OUA>.ITY 


1962  OOY  63  HOUR  20 


Figure  4.  -  VLF  electric  field  spectrum  showing  increasing  intensity  of  received 
MPA  signs! . 


SIM4AHY 


Although  measurements  are  still  In  s  primitive  state,  ssvsrsl  conclusions  can 
ba  drawn  fro*  tha  STS- 3  PDF  and  VCAF  data. 

1.  Ran  conditions  assn  to  rasult  in  a  hlghsr  than  expected  alactron  density. 

2.  Danslty  daplatlons  of  at  lsast  4  ordsra  of  Magnitude  in  tha  wake  plasma 
ara  obsarvsd  and  thars  is  avldanca  to  suggast  this  depletion  may  ba  as 
high  as  six  orders  of  magnitude. 

3.  Effective  temperature  measured  by  the  thermal  plasma  probes  indicate  an 
increase  in  electron  temperature  in  the  wake  to  >  6000*K. 

4.  The  thermal  ions  are  excluded  rapidly  as  the  orbiter  bay  rolls  into  wake 
and  only  those  locally  produced  H2O+  and  NO*  are  measurable. 

5.  Both  IP’s  and  tha  SkPA  Indicate  a  degree  of  plasma  density  or  velocity 
turbulence  which  peaks  in  the  transition  region  between  ram  and  wake. 

Several  concerns  about  these  measurements  are  thatt  first,  tha  VCAP  probes' 
outputs  are  often  contaminated  by  the  turbulence  which  causes  bias  in  the  data; 
second,  the  ability  of  tha  PDF  LP  to  measure  density  and  temperature  reliably  be¬ 
yond  a  certain  limited  range  is  questionable;  and  third,  whether  the  sounder  exper¬ 
iment  setup  between  the  VCAP  SkPA  and  PDF  Spectrum  Analyser  la  "calibratable"  is 
still  an  open  question. 
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til*  firm  concern  is  bo  Inf  worked  end  there  le  confidence  that  correctione  for 
the  turbulence  can  be  computed.  Recall  that  the  POP  LP  haa  a  AN/N  node  which  can 
provide  upper  bounda  on  the  turbulence  within  a  given  frequency  band. 

The  second  concern,  which  appliee  to  a  leaner  degree  to  the  VCAP  LP,  ia  harder 
to  aolve.  Aa  the  denelty  decreaeea  and  temperature  increases,  the  ni^e  of  the 
probe  in  relation  to  a  da  bye  length  am!  thermal  electron  gyroradlua  changes  draet.1- 
celly.  Thia  neana  that  approximations  uaed  to  derive  teaperature  and  denelty  are 
no  longer  valid  and  new  foraulatione  auat  be  uaod.  A  long-tern  reaearen  effort  ie 
underway  to  better  underetand  the  behavior  of  ewept  probe*  in  thane  extreme  reg- 
iaea.  (See  ref.  3  for  a  deocrlptlon  of  the  probe  theory).  Meanwhile,  effort  haa 
been  made  to  include  data  in  thia  report  derived  froa  reglaea  where  approxlaatlona 
hold.  Thua,  the  danaltlee  and  teaperaturea  are  probably  good  to  a  factor  of  two. 

It  le  encouraging  to  note  that  when  coaparlaona  are  nade  to  eaaeuraaanto  made 
by  the  DR  aatelllte,  which  flew  through  the  aaaa  altitude  and  latitude  regime 
within  the  aame  day,  general  agreement  le  found.  The  DK  data  ahow  dayalde  condi¬ 
tion  of  K,  -  .9  -1.1  x  lCr /car  and  T#  -  1300*  -  2000*  while  the  POP  and  VCAP  data 
taken  dayalde  out  of  wake  and  aleo  out  of  maximum  ram  condition  indicate  ■  2  to 
10  x  10®  /cr  and  T,  -  1000*  (±30X). 

The  third  concern  la  currently  being  worked  and  if  the  "sounder"  la  cellbrat- 
able,  it  ehould  provide  valuable  input  for  theory. 

The  fact  that  elevated  teaperaturea  are  obaerved  in  the  near  wake  of  a  spacs- 
craft  la  not  without  precedence.  Samir  at  al.  (raf.  6)  found  evidence  for  elevated 
electron  teaperaturea  in  the  wake  of  Ixplorer  31,  a  much  emaUer  vehicle  than  the 
Shuttle  Orblter. 

Additional  aaaauraaanta  by  the  PDF  and  VCAP  inatrumante  will  be  made  on 
8pacelab-2  where  detailed  experlaenta  have  been  daalgnad  to  atudy  the  atructure  of 
the  wake  out  to  approximately  one  kilometer  from  the  vehicle. 
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Part  of  an  AF3L  payload  flown  on  the  STS-4  mission  consisted  of  experiments 
to  measure  In-sltu  electric  fields,  electron  densities,  and  vehicle  charging. 

During  thlsHmgh't  some  11  hours  of  data  were  acquired  ranging  from  5  minute  snap¬ 
shots  up  to  continuous  half-orbits.  These  experiments  are  described  and  results 
presented  for  such  vehicle  Induced  events  as  a  main  engine  burn,  thruster  firings 
and  water  dumps  In  addition  to  undisturbed  periods.  The  main  characteristic  of 
all  the  vehicle  Induced  events  Is  shown  to  be  an  enhancement  in  the  low  frequency 
noise  (less  than  2  KHz),  In  both  the  electrostatic  and  electron  Irregularity  (aN/N) 
spectra. 

The  "non-event"  results  Indicate  that  the  electrostatic  broadband  emissions  show 
j  white  noise  characteristic  In  the  low  frequency  range  up  to  2  KHz  at  an  amplitude 
of  10  db  above  the  shuttle  design  specification  limit,  falling  below  that  limit 
above  10  KHz.  The  vehicle  potential  remained  within  the  range  of  -3  to  +1  volt 
throughout  the  flight  which  exhibits  normal  behavior  for  a  satellite  In  a  low 
equatorial  orbit.  The  measured  electron  densities  and  temperatures  are  compared 
with  the  International  Reference  Ionosphere  showing  measured  densities  somewhat 
lower  (up  to  a  factor  of  10)  and  temperatures  higher  (up  to  400°  K)  than  the  refer¬ 
ence  model. 


INTRODUCTION 


The  objective  of  this  experiment  Is  to  characterize  the  electrical  Interaction 
of  the  shuttle  with  Its  environment,  This  report  describes  the  experiment  and 
Its  operation  through  a  shuttle  mission  during  which  the  Instrument  functioned 
normally  and  acquired  11.3  hours  of  data. 


DESCRIPTION  OF  EXPERIMENT 


The  electric  field  experiment  consists  of  a  1.575  meter  dipole,  Illustrated 
schematically  In  Figure  1  as  sensors  A]  and  Ag  mounted  along  the  orblter  X  axis. 
These  sensors  are  2  1/4"  diameter  aluminum  spheres  mounted  on  10"  long  booms  on 
the  equipment  pallet  which  Is  mounted  16"  above  the  trunnion  fixture  on  the  right 
hand  (+  y)  side  of  the  cargo  bay.  This  puts  the  sensors  at  a  height  of  22.5" 
above  the  edge  of  the  cargo  bay  door  70"  Inboard.  This  geometry  is  such  that  when 
the  shuttle  attitude  Is  right  wing  forward  (+ y  Into  velocity  vector),  then  any 
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roll  angle  from  -18.5°  to  +  158**111  present  the  sensors  with  a  clear  view  of 
positive  Ion  flow. 

The  spheres  are  roughened  to  guarantee  good  adhesion  and  are  coated  with  a 
graphite  material,  to  ensure  a  uniform  surface  and  constant  work  function.  To 
obtain  the  electric  field  component  along  the  dipole  axis,  the  difference  In 
potential  between  spheres  A]  and  Aj»  are  measured  with  circuitry  having  a  much 
higher  Input  Impedance  than  the  resistance  between  the  spheres  through  the  plasma. 
This  potential  difference  la  Input  to  Telemetry  at  two  sensitivity  levels,  one  a 
factor  of  five  more  sensitive  than  the  other.  In  addition  this  potential  differ¬ 
ence  Is  fed  to  two  swept  frequency  receivers,  sweeping  simultaneously  over  the 
frequency  ranges  0  to  66  KH2  and  0  to  5  MHz  In  an  eight  second  period.  Details 
of  the  different  measurements,  sensltlvles,  sampling  rates,  etc.,  are  given  In 
Tabl<?  1.  The  amplifiers  were  calibrated  by  superimposing  spikes,  at  known  fre¬ 
quencies,  on  the  signals  for  one  eight  second  sweep  504  secs  after  instrument 
turn-on  and  at  520  second  Intervals  thereafter.  To  obtain  the  required  5  MHz 
response  It  was  necessary  to  situate  pre-amplifiers  as  near  the  sensors  as  possible 
which  resulted  In  this  circuitry  being  located  Inside  the  sensor  supporting 
booms  attached  directly  to  the  sensor.  Because  It,  was  critical  that  the  temper¬ 
ature  of  these  elements  not  exceed  60°C  when  operating,  a  temperature  sensor  was 
co-located  with  this  circuitry  In  one  of  the  booms  (A'|)  and  was  closely  monitored 
during  the  mission. 

In  order  to  measure  the  state  of  charging  of  the  vehicle  with  respect  to  the 
local  plasma  the  potential  of  A]  was  also  measured  with  respect  to  the  spacecraft 
skin  (ground),  thus  giving  the  spacecraft  potential  with  respect  to  the  plasma 
at  the  two  points  A^  and  A?  (separated  by  1  1/2  meters).  Because  almost  the 
whole  spacecraft  Is  electrically  isolated  from  the  surrounding  plasma  by  the 
thermal  tiles,  leaving  the  engine  thruster  nozzles  as  the  only  conducting  surface 
by  which  the  spacecraft  potential  can  anchor  Itself  to  the  plasma,  It  would  be 
expected  that  the  spacecraft  potential  would  vary  substantially.  This  was  Indeed 
found  to  be  the  case  on  STS-3  (ref.  1).  In  order  to  make  vehicle  potential 
variations  of  more  than  a  few  volts  less  likely,  another  experimenter  (NRL-802) 
provided  a  "ground  piano"  of  1/3  square  meter  area  mounted  In  the  shuttle  X  Z 
plane  approximately  7G  ems  In  the  -Y  direction  from  the  dipole  axis,  see  Figure 
1.  This  surface  is  connected  to  spacecraft  ground  and  Is  effective  In  stabilizing 
the  vehicle  potential  when  the  Ion  flow  is  normal  to  the  surface,  i.e. ,  when  the 
vehicle  velocity  vector  Is  In  the  spacecraft  +Y  direction. 

The  second  part  of  this  experiment  Is  the  Electron  Density  sensor  which  Is 
mounted  midway  between  the  electric  field  sensors  (B,  Figure  1)  and  offset  Inboard 
from  the  dipole  axis  by  10  cms.  This  sensor  consists  of  a  grl dried  sphere  2  1/4" 

In  diameter  with  an  open/surface  ratio  of  0.8  mounted  concentric  with  a  1  3/4" 
diameter  collector.  The  two  elements  are  gold  plated  to  reduce  work  function 
potential  differences  between  the  surfaces.  The  Inner  sphere  Is  biased  at  +20 
volts  with  respect  to  the  outer  sphere,  which  voltage  Is  sufficient  to  collect 
all  electrons  of  energies  below  30.625  eV  which  enter  the  outer  grid  and  to 
reject  all  Ions  with  energies  below  20  eV.  that  is  all  Ions  below  mass  65AMU 
moving  with  the  ram  velocity  (7.7  Kn  soc*' )  which  Includes  the  dominant  Iono¬ 
spheric  Ions,  Thus,  the  sensor  filters  out,  and  collects  the  current  due  to 
only  electrons,  which  Is  then  input  to  a  logarithmic  electrometer  measuring  In 
the  current  range  10“9  through  10“4  amps.  The  output  Is  fed  to  telemetry 
and  to  an  A.C.  amplifier  with  a  gain  of  40,  then  through  a  bank  of  eight  filters 
to  telemetry  giving  outputs  which  measure  the  electron  density  Irregularities  a  N/N, 


The  potential  on  the  outer  grid  of  the  sensor  with  respect  to  ground  is 
programmed  to  operate  50%  of  the  time  as  a  Langmuir  probe  where  the  voltage  Is 
varied  linearly  as  a  function  of  time,  and  50%  in  a  Irregularity  measurement 
mode  where  the  voltage  Is  kept  constant.  This  programming  Is  depicted  In  the 
lower  part,  of  Figure  2  where  the  upper  part  shews  In  a  block  format  the  signal 
processing  system.  To  obtain  density,  temperature  and  vehicle  potential  from 
the  Langmuir  probe  operation  It  Is  necessary  that  the  probe  be  swept  through  the 
local  plasma  potential.  To  allow  for  the  possibility  of  the  vehicle  potential 
being  anywhere  In  the  range  of  -20  to  ^4  volts,  the  +  4  volt  sweep  was  applied 
with  respect  to  a  bias  voltage  which  was  stepped  at  F4  sec  Intervals  through  0, 
+4,  +8  and  +16  volts. 

This  operation  was  controlled  with  an  internal  timer,  synchronized  to  the 
telemetry  frame  rate  through  a  100  Hz  clock,  and  recycled  every  256  secs  when  a 
timer  reset  pulse  was  transmitted  to  telemetry. 


EXPERIMENT  PERFORMANCE 


Table  2  summarizes  the  vehicle  history  and  the  amount  of  data  acquired  In 
each  vehicle  attitude.  The  experiment  was  commanded  on  and  off  by  command  sequences 
that  were  capable  of  operating  for  roughly  24  hours  before  they  required  updating. 
This  system  worked  quite  well  but  had  the  disadvantage  that  last  minute  changes 
In  the  astronauts  schedule  caused  planned  events  to  be  missed,  For  example,  It 
was  Important  to  obtain  background  EMI  data  with  the  payload  bay  doors  closed, 
thus  shutting  out  the  environmental  noise.  This  event  was  missed  completely 
because  of  difficulties  encountered  on  the  first  closure  attempt. 

Much  of  the  data  was  acquired  In  5  minute  "snapshots",  longer  operating 
periods  were  more  desirable  of  course,  and  were  obtained  mostly  In  the  gravity 
gradient  and  bay-to-earth  attitudes.  The  two  longest  periods  were  of  45  minute 
duration  In  the  bay-to-earth  attitude. 

In  Figure  [la  and  3b  are  shown  the  temperatures  of  the  electronics  package 
(A452)  and  the  E-fleld  sensor  boom  A1  (T808)  respectively,  on  3a  Is  also  Indicated 
the  vehicle  attitude.  'Hie  payload  by  doors  were  opened  at  Mission  Elapsed  Time 
(MET)  ■  7,305  seer*  which  was  94  minutes  prior  to  the  first  data  acquisition  at 
Revolution  (Orbit)  number  3.6  when  the  electronics  package  and  boom  were  at 
approximately  room  tennperature  of  2U6C.  Thereafter  the  electronics  cooled  to 
near  zero  by  REV  #9,5  where  It  remained  for  the  rest  of  the  mission.  The  excursions 
up  to  1 1  °C  and  1 7 °C  can  be  seen  to  coincide  with  the  two  Bay-to-Sun  (-  ZSl) 
periods.  In  general,  the  electronics  package  temperature  Increased,  as  expected, 
as  a  function  of  "on"  time  except  from  MET  «  170,000  through  200,000  where  the 
pallet  was  cooling  faster  than  the  electronics  warmed  up.  On  the  other  hand,  in 
Figure  3b,  the  booms  being  thermally  Isolated  from  the  pallet  experienced  wider 
temperature  oscillations  ranging  from  +  30°C  in  Bay-to-Sun  periods  down  to  -40T, 
at  night  when  the  cargo  bay  faced  away  from  the  earth.  Thus,  the  temperature 
seen  on  the  booms  depends  solely  on  the  sun/shadow  situations, 
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EXPERIMENT  RESULTS 


Vehicle  charging  for  the  entire  mission  will  be  discussed,  then  typical  AC 
electric  field  values  will  be  compared  to  shuttle  specifications  for  broadband 
emissions.  Finally,  electron  densities  and  temperatures  for  a  45  minute  period 
will  be  compared  to  an  ionospheric  model. 

Vehicle  Charging 

Figure  4  shows  the  result  of  plotting  64  second  averages  of  vehicle  potential 
for  almost  all  (the  period  from  MET  =  13,000  through  90,000  secs  was  accidently 
omitted)  the  periods  when  the  Instrument  was  operational  during  the  mission.  It 
can  be  seen  that  the  general  level  in  between  -3  and  +1  volts,  which  values  are 
ty  1  cal  for  a  satellite  In  a  low  equatorial  orbit  where  the  average  electron 
energy  Is  of  the  oi Jer  of  0.16  eV. 

Comparing  figure  4  with  the  vehicle  attitudes  shown  on  Figure  3a  It  can  be 
readily  seen  that  the  high  value  of  +1.0  volts  at  MFT  *<  163,000  secs  coincides 
with  the  bay-to-sun  attitude  (-ZSI)  where  photoelectron  emissions  from  the 
instrument  pallet  (but  not_  the  reference  plane,  which  is  edge-on  to  the  sun) 
drives  the  vehicle  positive  with  respect  to  the  reference  plane.  The  three  data 
sets  near  MET  *  260,000  secs,  where  the  vehicle  potential  approaches  -4  volts 
were  taken  In  a  bottom-tosun  attitude  (+  ZSI)  during  night-time  conditions. 

The  more  extreme  variations,  seen  on  the  lower  panel  of  Figure  4  (MET  >  310,000 
secs)  ranging  from  -3.2  volts  to  +  1.8  volts  were  all  taken  during  tall-to-sun 
attitude  (-  XSI).  The  positive  values  around  MET  ■  317,000  secs  and  at  MET  • 
352,000  secs  are  Identified  with  the  tall  pointing  Into  the  velocity  vector 
where  the  ram  Ion  flow  coupled  with  with  a  low  photo-electron  emission  produces 
a  net  positive  charge.  Tne  low  potentials  on  the  other  hand,  e.g.,  near  MET  “ 
440,000  secs,  are  Identified  with  periods  when  the  sensors  e  d  cargo  bay  are  In 
the  Ion  flow  wake  region. 


Broad  Band  EMI 

In  Figure  5  we  show  a  typical  electric  field  power  spectrum  showing  the 
amplitude  In  db  \N/m  MHz  as  a  function  of  frequency  on  a  logarithmic  scale.  The 
data  from  tho  low  frequency  sweep  (0  -  60  KHz)  is  represented  by  squares  and 
that  from  the  high  frequency  sweep  (0-5  MHz)  as  triangles,  the  lower  limits 
for  these  measurements  are  122  db  and  107  db  respectively.  Shown  also  on  this 
figure  arc  the  maximum  shuttle-produced  broad  band  noise  limit  (Design  spec  max) 
and  the  payload  design  specification,  this  latter  Is  a  specification  for  payload 
design  whose  limit  Is  only  given  above  10  KHz  whereas  the  former  Is  based  on 
ground  shuttle  measurements  made  by  SAIL.  It  can  be  een  that  below  10  KHz  the 
measured  broadband  nolst  exceeds  the  design  limit  by  a  maximum  of  12db  In  the 
frequency  range  of  1  to  2  KHz.  This  Is  due  to  electrostatic  waves  produced  by 
the  shuttle  body  moving  through  the  environment.  Taking  the  ambient  oxygen  temper¬ 
ature  to  be  1000°  K  gives  a  most  probable  oxygen  speed  (random  thermal  speed)  of 
1.019  Km/sec,  thus  a  vehicle  Mach  Number  of  7.5. 

Other  features  to  note  on  this  figure  are  the  linn  emissions  at  37,5  KHz 
and  the  noise  enhancements  In  the  frequency  range  of  200  KHz  to  5  Mz.  The 
former  is  probably  due  to  a  DC/DC  converter  on  the  pallet  which  line  was  also 
seen  on  ground  Integration  tests,  t'ie  latter  are  probably  genuine  plasma  emissions 
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since  they  occu"'  in  the  frequency  range  of  the  plasma  frequency  (900  KHz  -  9 
MHz)  and  the  electron  gyro  frequency  (840  KHz). 

Model  Comparison 

Comparison  of  measured  electron  densities  and  electron  temperature  with  the 
International  Reference  Ionosphere  (IRI)  are  shown  in  Figure  6  comprising  of 
some  45  minutes  of  data  taken  on  Rev  #24.6.  The  IRI  model  is  shown  as  solid 
lines  and  the  measured  data  as  points  with  vertical  error  bars.  These  data 
result  from  analysis  of  the  Langmuir  probe  mode  of  operation  of  the  electrons 
sensor  where  each  8  second  interval  results  in  two  points,  one  from  the  upsweep 
(-4  to  +4  volts)  and  one  four  seconds  later  from  the  downsweep  (+4  to  -4  volts). 
Because  of  a  well-known  hysteresis  effect,  where  electrons  accumulate  on  the 
outer  grid  giving  an  effective  grid  potential  offset  from  the  applied  potential, 
the  deduced  densities  and  temperatures  differ  slightly.  In  each  successive  25C 
second  period  only  the  first  128  seconds  gave  usable  Langmuir  probe  data,  the 
+8  and  +16  volt  biases  applied  at  128  and  196  seconds,  respectively  produced 
near-saturation  currents. 

Comparing  the  model  and  measured  densities  In  Figure  6a  It  Is  seen  that  the 
measured  values  are  lower  by  up  to  a  factor  of  10.  On  the  other  hand,  the  measured 
temperatures  In  Figure  6b  are  In  general  higher  ttian  the  model.  These  differences 
are  explained  by  the  fact  that  the  electron  sensor  is  located  in  the  cargo  bay, 
hence,  embedded  In  the  vehicle  sheath.  If  the  balance  of  the  sheath  has  only  a 
net  negative  charge  with  respect  to  the  ambient  plasma  of  only  a  few  hundreths 
of  a  volt,  then  a  fraction  of  the  lowest  energy  ambient  electrons  will  be  unable 
to  reach  the  sensor  location  thus  giving  the  low  observed  densities  and  high 
observed  temperatures. 


VEHICLE  INDUCED  EFFECTS 


The  following  three  sections  describe  the  effects  of  a  main  engine  burn, 
vernier  thruster  firings  *nd  a  water  dump. 

OMS-4  Burn 

Figure  7  represent  data  taken  during  the  fourth  burn  of  the  OMS  motor, 
Ignition  occurred  at  MET  -  (8,852.4  secs  for  a  30  sec  burn  durations.  On  the 
time  scale  of  Figure  7a  the  burn  starts  ut  169  seconds  and  ends  at  199  seconds. 

On  the  upper  panel  Is  shown  the  plasma  potential  with  respect  to  the  vehicle 
that  Is,  the  potential  of  the  A1  sensor  on  a  scale  of  -9  to  +9  volts.  The  vehicle 
potential  (with  respect  to  the  plasma)  Is  the  measured  quantity  with  reversed 
■  gn  thus  it  can  be  seen  that  prior  to  170  seconds  the  vehicle  potential  Is  -0.7 
volts.  The  second  panel  shows  the  potential  difference  between  the  electric 
field  sensors  on  a  scale  of  -2  to  +?  volts,  and  the  third  panel  Is  the 
same  quantity  on  a  ten  times  larger  scale.  The  electric  field  is  obtained  by 
dividing  this  voltage  by  1,575  (dipole  separation  distance  In  meters)  and  gives 
the  component  In  the  -x  (nose-to-tal  1 )  direction.  Thus,  it  can  be  seen  that 
the  electric  field  varies  from  160  mV/m  at  time  0  seconds  to  zero  at  256  seconds. 

A  small  electric  field  component  along  the  Shuttle  X-axis  is  expected  here 
because  the  vehicle  is  flying  in  an  "aeroplane"  attitude  (zero  pitch  and  zero 
yaw)  to  increase  the  orbital  altitude  during  the  motor  burn.  The  dominant 


electric  field  Is  due  to  the  vehicle  motion  through  the  geomagnetic  field*  V  x  B, 
contributing  no  field  component  along  the  velocity  vector  In  tills  vehicle  attitude. 


The  lower  panel  shows  on  a  logarithmic  scale  the  current  measured  by  the 
electron  sensor  ranging  from  10"9  amps  to  10-3  amps.  In  section  2  it  was 
pointed  out  that  a  bias  potential  was  applied  to  the  sensor  with  respect  to  the 
vehicle  and  stepped  at  64  second  intervals  through  0,  4,  8  and  16  volts.  The 
effect  of  this  can  clearly  be  seen  un  this  p*nel  where  only  the  constant  voltage 
mode  data  are  shown  occurring  at  even  G  second  intervals. 

In  the  time  period  up  to  64  seconds  the  current  Is  very  low  where  the  electrons 
are  being  retarded,  at  64  seconds  when  the  bias  Is  stepped  from  zero  to  +4  volts 
the  current  Increases  over  four  orders  of  magnitude  because  we  have  now  shifted 
to  a  voltage  where  the  electrons  are  accelerated  to  the  sensor.  Reading  the 
vehicle  potential  from  the  top  panel  as  -  0.7  volts  It  can  be  seen  that  we  have 
moved  the  sensor  potential  from  -  0.7  volts  to  +  3,3  volts  with  respect  to  the 
plasma  at  64  seconds.  At  128  seconds  the  sensoh  potential  Is  stepped  up  another 
4  volts  to  +  7.3  volts  with  respect  to  the  plasma  and  the  amplifier  saturation 
current  of  1.363  x  10-^  amps  Is  almost  reached.  The  final  step  to  16  volts 
bias  at  196  seconds  now  saturates  the  amplifier. 

Turning  now  to  the  effects  of  the  motor  burn.  At  motor  ignition  the  vehicle 
potential  Initially  swings  negative  by  almost  2  volts  (Al  Increases)  at  169 
seconds,  returns  to  its  pre-ignition  value  of  -  0.7  volts  In  0.2  seconds  and 
then  decreases  linearly  through  the  30  second  burn  period  to  -  1.0  volt  at  199 
seconds.  This  vehicle  potential  fluctuation  Is  consistent  in  sign  with  the 
electron  current  observed  on  the  lower  panel  In  Figure  7a  and  on  an  expanded 
time  scale  on  the  lower  panel  of  Figure  7b,  where  the  negative  excursion  of 
sensor  potential  causes  «  current  reduction  of  3  orders  of  magnitude,  l.e., 
apparently  takes  the  sensor  potential  to  zero  or  slightly  below  plasma  potential. 
Since  the  sensor  potential  prior  to  motor  Ignition  Is  +  7.3  volts  an  excursion 
of  some  -  7.5  volts  would  be  necessary  to  reduce  the  sensor  current  to  the  observed 
10“'  amps.  An  alternative  explanation  Is  that  motor  Ignition  causes  a  sudden 
Increase  In  pressure  in  the  local  environment  which  changes  the  electrical  vehicle 
sheath  condition.  This  hiatus  interrupts  the  flow  of  electrons  to  the  sensor 
and  could  also  possibly  explain  the  apparent  positive  excursion  of  vehicle  potential, 
seen  as  a  negative  excursion  of  approximately  1.5  volts  on  A)  at  169  seconds. 

Looking  at  the  electric  field  response  on  Figure  7a,  A1-A2,  we  see  no  change 
in  the  D.C.  electric  field  but  a  very  apparent  increase  In  noise  from  0.2 
volts  to  0.5  volts  peak  to  peak  amplitude  throughout  the  30  second  burn  period. 

This  Increase  In  "noise"  can  be  seen  by  comparing  the  upper  two  panels  In 
Figures  7b  and  7c,  where  the  spectra  are  shown  for  two  suceeslve  frequency 
scans  7c  before  motor  Ignition  and  7b  during  and  following  Ignition.  Ignition 
occurs  at  1.2  seconds  on  7b  the  vertical  scale  Is  proportional  to  the  log  of 
measured  In  wc/m^Hz  and  the  spectra  show  the  receiver  frequency  being 
swept  linearly  as  a  function  of  time.  Comparing  the  amplitude  at  5  KHz  on 
either  side  of  the  0  KHz  pedestal  It  Is  seen  that  Ignition  produces  a  noise 
value  an  order  of  magnitude  higher  than  the  subsequent  burn  noise,  which  Is 
again  an  order  of  magnitude  higher  than  the  noise  prior  to  burn.  By  comparing 
the  0  KHz  peaks  It  Is  seen  that  this  noise  Is  at  a  low  (  <1  KHz)  frequency. 

Again,  a  probable  explanation  for  this  Increased  electrostatic  noise  Is  a  large 
local  pressure  Increase,  with  the  additional  possibility  that  the  electrostatic 
noise  and  the  t  N/N  enhancements  are  du*  to  the  propagation  of  a  sound  wave 
through  the  plasma. 
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Thruster  Firings 


Of  the  44  thrusters  that  make  up  the  Reaction  Control  System  (RCS),  3P  «re 
primary  (PROS)  and  six  are  vernier  thrusters  (VRCS).  This  latter  system  Is  the 
one  employed  tor  attitude  control  for  the  major  part  of  this  mission  and  are  the 
ones  which  we  will  discuss.  Two  are  situated  In  the  nose  and  four,  two  left  and 
two  right,  on  the  engine  pod  just  above  the  trailing  edges  of  the  wings.  Qf 
these  six  vernier  thrusters  those  In  front  produced  no  dlscernablo  effects, 
those  on  the  left  small  perturbations  and  those  on  the  right  large  effects  with 
the  thruster  firing  down  producing  larger  fluctuations  than  the  one  thrusting  to 
the  right.  The  reason  for  this  difference  Is  probably  that  the  right  aileron 
could.  If  left  In  a  horizontal  position  deflect  part  of  the  thruster  plume  upwards 
towards  the  starboard  cargo  bay  area  where  the  Instruments  were  located. 

The  thruster  firing  effects  are  shown  In  Figure  8  with  a  time  history  of 
firings  shown  In  table  3.  During  this  acqulslton  period  the  vehicle  was  In  a 
bay-to-sun  attitude  with  the  right  wing  (+Y)  pointing  Into  the  velocity  vector 
(approximately  eastward).  The  local  time  Is  near  midnight  thus  the  cargo  bay  Is 
facing  the  earth  and  again  the  measured  component  of  the  7  x  f  electric  field  Is 
small  (A1  -  A2),  or  Figure  8a.  The  total  thruster  firing  period  of  12.88  seconds 
commencing  at  184.58  seconds  Is  shown  in  the  upper  panel  of  Figures  8a,  b,  and  c. 

It  can  be  seen  that  the  effects  are  barely  discernible  on  either  vehicle  potential 
(A1 )  or  D.C.  electric  field  (A1  -  A2),.  but  produce  a  factor  of  ten  decrease  In 
the  electron  current.  This  current  response  cuts  off  at  192  seconds  due  to  the 
sensor  switching  into  the  Langmuir  probe  mode  of  operation,  we  will  return  to 
this  later. 

The  outputs  from  the  eight  A  N/N  filters  are  shown  in  Figures  8b  and  8c  on 
the  same  time  scale *as  8a  with  again  the  thruster  firing  indicator  In  the  top 
panel.  The  vertical  scale  Is  logarithmic  extending  from  -0.1  to  +4.9  with  0 
being  equivalent  to  0%  value  of  A  N/N  and  5  corresponding  to  186%  a  N/N.  The 
large  oscillations  up  to  64  seconds,  the  smaller  oscillations  up  to  128  seconds 
and  the  large  negative  going  vertical  spikes  thereafter  are  due  to  switching  In 
and  out  of  the  Langmuir  probe  mode  of  operation.  An  explanation  of  the  positive 
spikes  discernible  on  all  the  filter  outputs  at  a  time  Interval  of  5  seconds, 
which  come  and  go  throughout  the  mission  has  not  been  found.  It  Is  perhaps  a 
cycling  time  of  another  experiment  or  a  payload  switching  operation,  this  1r. 
being  Investigated.  The  general  signal  level  is  the  quantity  to  note.  It  can 
also  be  seen  that  the  signal  level  Is  depressed  for  frequencies  greater  than  100 
Hz  In  the  first  64  seconds.  This  Is  due  to  the  roll-off  In  frequency  response 
of  the  logarithmic  amplifier  above  100  Hz  at  the  lowest  current  level  of  10-9 
amps,  which  Is  the  current  level  indicated  on  the  lower  panel  of  Figure  8  a. 

The  thruster  firing  effect  can  be  seen  starting  at  184,6  seconds  and  extending 
through  194  seconds,  coinciding  exactly  with  the  right  thruster  firing  times 
listed  In  table  4.  No  effects  are  discernible  either  from  the  front  left  firings 
nor  at  termination  of  the  front  right  operation  at  197.5  seconds.  The  right 
thruster  produces  an  Increase  In  A  N/N  from  0.5%  to  1.6%  at  30  Hz,  decreasing 
to  zero  effect  at  500  Hz  where  A  N/N  -  1.6%,  changing  to  a  suppression  with 
increasing  frequency  to  a  maximum  of  a  depression  in  A  N/N  from  5%  to  0.5%. 

An  even  more  dramatic  effect  of  the  decrease  In  noise  due  to  tl.^uster  operation 
can  be  seen  In  the  Figure  8d  through  8g  which  shows  a  series  of  four  consecutive 
spectra  from  the  A.C.  electric  field  outputs.  The  panel  format  is  the  same  as 
In  Figure  8  (b  and  c).  These  figures  show  In  the  third  panel  the  current  decrease 
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at  the  Tiring  start  In  8t  at  0.2  seconds  and  then  return  to  Its  Initial  value  at 
1.7  seconds  In  8f  coincident  with  the  right  thruster  firing  end.  Note  the  almost 
complete  suppression  of  all  frequencies  greater  than  12  KHz  in  the  top  two  panels 
of  Figure  8e  as  compared  with  8d,  f  or  g,  the  reduction  In  electrostatic  noise 
above  2  KHz  and  the  small  Increase  at  frequencies  below  2  KHz.  These  effects 
are  very  similar  to  those  observed  by  the  Plasma  Diagnostic  Package*  on  STS- 3, 
and  offer  a  possible  explanation  In  terms  of  a  local  pressure  Increase  caused  by 
gases  emitted  from  the  starboard  thruster. 

Water  Dump 

A  water  dump  occurred  on  Rev  #33.6  commencing  at  MET  •  175864.84  seconds 
the  effects  of  which  are  shown  In  Figure  9.  At  this  time  the  vehicle  was  In  a 
tail-to-sun  attitude  and  was  just  crossing  the  terminator  from  day  to  night 
which  puts  the  shuttle  In  an  "aeroplane"  attitude  with  the  cargo  bay  facing  cway 
from  the  earth  and .the  electric  field  dipole  aligned  with  the  velocity  vector 
hence  a  zero  V  x  B  electric  field  component. 

The  water  dump  start  Is  shown  In  the  upper  panel  of  Figure  9a  at  181.4 
seconds  and  continuing  through  2S6  seconds.  The  vehicle  potential  decreases  by 
a  very  small  amount  -0.2  volts  (A1  Increases),  the  D.C.  electric  field  (A1-A2) 
remains  unchanged  but  the  noise  Increases  from  0.1  volts  peak  to  peak  to  0.15 
volts  and  the  electron  density  which  has  been  steadily  decreasing,  Increases  at 
the  start  of  the  dump  by  some  10%  but  sustains  the  same  rate  of  decrease  during 
the  water  dump  as  before. 

Looking  at  the  A  N/N  data  In  Figures  9b  and  9c  we  see  a  progressive  enhance¬ 
ment  of  A  N/N  from  30  Hz  up  to  503  Hz  during  the  water  dump  which  then  decreases 
back  to  zero  effect  at  the  highest  frequency  of  7,830  KHz.  Figures  9d  and  9e 
show  the  electrostatic  frequency  spectra  before  and  after  the  water  dump  start 
the  only  difference  to  be  noted  In  the  slight  filling  In  around  0  KHz  on  the  low 
frequency  spectrum  on  9e  compared  to  9d.  This  Indicates  that  the  Increase  In 
noise  on  (A1-A2)  In  Figure  9a  occurs  at  frequencies  less  than  2  KHz.  The  explan¬ 
ation  for  these  measurements  Is  probably  the  presence  of  eater  droplets  charged 
by  trlboelectrlc  effects  and  a  local  Increase  In  pressure, 

CONCLUSIONS 


1.  There  exist  electrostatic  noise  at  frequencies  below  10  KHz  generated 
by  body  motion  at  about  135  db  V/m  MHz  amplitude  which  propagate  to  the  sensor 
location  In  the  cargo  bay. 

2.  At  OMS  Ignition  a  large  pressure  wave  Is  generated  for  3/10  second  which 
shields  the  cargo  bay  area  from  the  environment. 

3.  The  OMS  burn  and  thruster  firings  produce  acoustic  noise  detected  by 
Its  electric  field  and  aN/N  effects  in  addition  the  local  pressure  Increase 
produced  by  starboard  thruster  reduce  the  electron  density  by  a  factor  of  10. 

4.  Ambient  plasma  measurements  of  electron  density,  irregularities,  temper¬ 
ature  and  electrostatic  waves  are  possible  In  the  cargo  bay  provided  that  the 
shuttle  attitude  Is  correct  and  that  appropriate  exposure  factor  corrections  are 
made. 
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5.  Measured  vehicle  potentials  were  typical  of  a  satellite  In  low  earth 
orbit  ranging  In  value  from  -3  to  +1  volts  with  typical  values  of  around  -1  volt 
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Stirt(F(a  71tect 

274633.38 
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(a)  804C  temporature  A452. 


Figure  3.  -  Electronics  unit  temperature  ( A4S2)  with  vehicle  attitude  and  boom 
A-|  temperature  (A808)  versus  mission  elapsed  time. 


(a)  Electron  density. 
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(b)  Electron  density. 

Figure  6.  -  Comparison  of  electron  density  and  electron  temperature  (points 
with  error  bars)  aqalnst  International  Reference  Ionospheric  model  (solid 
line)  versus  time. 
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SECONDS 

(a)  Vehicle  potential,  electric  field,  and  electron  current  versus  time 
HEY  18  683.4  sec. 


(b)  Electrosatlc  spectra  over  low-  and  high-frequency  ranges  and  electron 
current  versus  time.  MET,  18  851.4  sec;  Irteval  22. 


Figure  7.  -  OMS-4  burn. 
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Figure  7.  -  Concluded. 
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(c)  Thruster  Indicator  AN/N  filter  outputs  versus  time  and  oibltal  position. 

Figure  8.  -  Continued. 
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(d)  ElBctrostatlc  spectra  over  low-  and  high-frequency  ranges  and  electron 
current  versus  time.  Interval  23. 
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(e)  Electrostatic  spectra  over  low-  and  high-frequency  ranges  and  electron 
current  versus  time.  Interval  24, 

Figure  B.  -  Continued. 
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(f)  Electrostatic  spectra  over  low-  and  high-frequency  ranges  and  electron 
current  versus  time.  Interval  25. 
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(g)  Electrostatic  spectra  over  low-  and  high  frequency  ranges  and  electron 
current  versus  time.  Interval  26. 


figure  8.  -  Concluded. 
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MEASURED  ELACTROM  CCMTRIBUTXOM  TO  SHUTTLK  PLASMA  XMVIROKWSNT:  ABBREVIATED  UPDATE 


W.  McMahon  ^nd  R.  Sailor 
Air  Pore*  Geophysics  Laboratory 
Hanpr.om  Air  Foe*  Baa*.  Maaaachuaatla  01731 

R.  Hills 

Tri-Con  AsDoeiatas,  Inc. 

Canbiidi*,  Maasachusalts  02136 

D.  Daloray 
Boston  Co llago 

Chostnat  Hill,  Massachusetts  021o/ 

The  differential  energy  spectra  of  electrons  between  1  and  100  o V  were  measured 
by  an  electron  spectrometer  flown  on  an  early  shuttle.  This  energy  range  was  scan¬ 
ned  In  64  Incremental  steps  with  a  resolution  of  71  The  most  striking  feature 
that  was  observed  throughout  these  spectra  war  a  relatively  flat  distribution  of 
the  higher  energy  electrons  out  to  100  oV.  This  Is  In  contrast  to  normal  ambient 
spectra  which  consistently  show  a  rapid  decline  In  quantitative  flux  beyond  50-55 
ev.  The  lower  energy  (1-2  eV)  end  of  these  spectra  showed  rteep  thermal  trails 
comparable  to  normal  nmblent  spectral  structure.  In  general,  daytime  fluxes  were 
significantly  higher  chan  those  obtained  during  nighttime  measurements.  Quanti¬ 
tative  flux  excursions  which  may  possibly  be  associated  with  thruster  firing  wero 
frequently  observed.  Spectral  structure  suggestive  of  the  Ng  vibrational  excitation 
enargy  loss  mechanism  was  also  seen  In  the  data  from  some  measurement  periods. 
Examples  of  these  spectra  are  shown  and  possible  correlations  are  discussed. 


INTRODUCTION 

The  purpose  of  this  experiment  was  to  examine  the  role  of  low  energy  electrons 
In  the  Interaction  between  large  vehicles  and  the  space  environment,  and  to  assess 
the  extent  of  contamination  presented  by  theso  electrons,  for  this  purpose,  an 
electron  spectrometer  was  flown  on  an  early  shuttle.  Thlr  Instrument  was  a  127° 
cylindrical  electrostatic  deflection  analyzer  essentially  Identical  to  that  des¬ 
cribed  In  reference  1.  Differential  energy  spectra  between  1  and  100  eV  were 
obtained  by  applying  the  analyzer  voltage  In  64  incremental  steps.  The  analyzer 
resolution  was  7%  and  the  stepping  Increments  wore  set  at  7%  to  match  this  and  thus 
avoid  gaps  In  the  spectral  data.  Dwell  time  per  step  was  set  at  1.0  sec,  thereby- 
requiring  64  secs  to  scan  a  full  spectrum;  this  was  found  to  be  an  undesirably  long 
time  period,  as  will  be  later  discussed,  The  Instrument  was  mounted  near  the  rear 
of  the  shuttle  bay  with  a  look  direction  out  over  the  right  wing,  along  the  -Y  axis 
and  tilted  12°  upward  from  It. 

Before  showing  the  shuttle  data  It  will  be  useful  to  first  chow,  by  way  of 
contrast,  what  the  ambient  or  relatively  uncont.einlnated  soectra  look  Hke.  The 
examples  shown  In  figure  1  are  spectra  of  ambient  daytime  photoelectrons  which  were 
obtained  on  a  rocket  flight  using  an  instrument  Identical  to  that  used  on  the  shut¬ 
tle.  The  highest  altitude  shown,  however,  is  about  80  km  below  shuttle  altitude. 
These  are  typical  of  many  hundreds  of  spectra  obtained  during  several  rocket  fllohts 
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and  show  four  chief  characteristics:  There  is  first  a  steep  thermal  tail  at  very  low 
energies  (<2eV),  only  the  lower  parts  of  which  are  seen  In  those  particular  spectra. 
Second  is  the  valley-like  structure  between  2-5  eV  caused  by  energy  loss  due  to 
resonant  vibrational  excitation  of  N2  by  electron  impact  --  the  so-called  nitrogen 
bite-out.  It  should  be  notetl,  for  later  reference,  that  this  feature  diminishes  In 
the  ambient  spectra  as  altitude  Increases  toward  200  km  and  disappears  above  this, 
well  below  shuttle  altitude.  Third,  in  the  20-30  eV  region  for  daytime  spectra 
only,  there  are  several  closely  spaced  peaks  due  to  photoioni zation  of  and  0 
by  the  intense  solar  He  II  line  at  304A;  this  structure  is  shown  here  as 'combined 
by  the  limited  analyzer  resolution  to  form  one  broadened  peak.  And  fourth,  there 
Is  a  rapid  quantitative  decrease  In  photoelectrons  above  about  55  eV  due  to  a 
pronounced  decrease  in  the  solar  euv  flux  at  higher  energies  (wavelengths  less 
than  about  170A), 


MEASUREMENTS 

The  shuttle  spectra  showed  departures  from  the  ambient  characteristics  noted 
above,  some  of  which  were  expected  and  some  of  which  were  not.  Figure  2  shows  a 
typical  spectrum  which  Is  actually  the  average  of  all  spectra  obtained  during  this 
particular  data  acquisition  period.  In  common  with  ambient,  spectra,  a  thermal  tail 
below  2  eV  is  seen,  as  was  expected.  There  is  no  apparent  structure  in  the  2-5  or 
20-30  eV  regions  which  was  not  unexpected.  What  was  quite  unexpected,  however,  is 
the  continued  relatively  flat  distribution  of  electrons  having  energies  greater 
than  50  eV,  out  to  the  highest  energy  measured  (100  eV).  This  was  the  most  striking 
characteristic  of  these  measurements;  it  was  present  in  every  spectrum  taken  during 
the  flight.  The  source  of  these  higher  energy  electrons  is,  as  yet,  unexp’ained. 

But  it  clearly  Indicates  the  need  for  one  experimental  change  for  the  next  flight: 
that  is  to  extend  the  energy  range  coverage  out  to  500  or  1000  eV  to  see  where,  or 
If,  the  expected  shoulder  can  be  found.  Figure  3  shows  three  Individual  spectra 
obtained  In  this  same  measurement  period  during  which  the  vehicle  went  from  daylight 
to  darkness.  As  shown,  the  quantitative  electron  flux  decreases  significantly  at 
night,  clearly  suggesting  that  locally  generated  solar  photoelectrons  contribute  in 
large  measure  to  the  qaytlmo  electron  environment  of  the  shuttle.  Two  of  these 
spectra  also  show  considerable  scatter  or  data  point,  excursions.  In  an  attempt  to 
cot  relate  this  scatter  with  other  vehicle  events,  periods  of  thruster  firing  are 
shown,  altnough  this  cannot  be  considered  a  direct  source  of  electrons  in  the  energy 
range  shown  here.  It  should  be  noted  that  thruster  firings  mentioned  herein  refer 
to  all  cases  tn  the  verniers.  There  was  very  little  f1r1ng  of  the  primary  thrusters 
during  any  of  these  data  acquisition  periods,  and  what  little  there  was  appeared  to 
have  no  effect  on  the  data.  Thruster  operation  Involves  a  hypargollc  reaction 
between  monomethyl  hydrazine  (MMH)  and  nitrogen  tetroxide  (N2O4)  and  while  this 
generates  whit  might  be  r.allod  a  hot  plasma.  It  cannot  directly  contribute1  electrons 
having  energies  much  greater  than  about  2  eV.  Some  subsequent  accelerating  mech¬ 
anism  would  clearly  be  required  If  thruster  activity  is  to  be  associated  with  these 
flux  excursions. 

Thruster  firings  occur  for  a  minimum  of  80  msec,  although  in  many  cases  one  or 
more  were  active  for  considerably  longer  periods  of  time.  But  this  points  up 
another  way  In  which  the  experiment  should  bo  changed  for  a  subsequent  flight:  The 
present  scan  timlny  sequence  (lsec/step,  64sec/scan)  is  simply  too  long  to  observe, 
o'*er  the  better  part  of  a  spectrum,  any  short  term  phenomenon  which  may  nave  oc¬ 
curred.  Very  short  term  phenomenon  could  therefore  appear  as  the  excursion  of  a 


single  data  point,  or  a  few  consecutive  points,  which  may  account  for  the  apparent 
scatter  effect,  for  the  present  data  to  be  associated  with  thruster  firing, 
however,  requires  that  some  sort  of  delayed  reaction  or  response  time  be  inferred 
-a  seemingly  plausible  concept.  But  the  apparent  response  time  involved  is  not 
manifested  in  any  constant  manner.  The  topmost  spectrum  of  figure  3,  for  example, 
shows  a  sharp  drop  in  flux  levels  approximately  2  seconds  after  thruster  firing 
ceased  while  the  middle  spectrum  shows  a  delay  of  13-14  seconds  before  a  similar 
response  is  observed.  Additional  illustration  of  this  is  seen  in  '<gure  4  which 
shows  three  individual  spectra  taken  during  a  common  nighttime  period.  The  lowest 
spectrum  shown  (C)  was  completely  free  of  thruster  firing  during  its  measurement 
and  for  a  period  of  15  minutes  prior  to  that.  The  topmost  spectrum  (A)  was  taken 
following  a  period  of  moderate  thruster  activity  and  in  one  during  which  there  was 
nearly  continuous  firing  of  all  six  vernier  thrusters.  The  middle  spectrum  (B)  was 
taken  immediately  following  this  but  represents  a  largely  thruster-free  measure¬ 
ment;  firing  occurred  during  the  very  early  (low  energy)  segment  of  this  spectrum 
and  then  ceased  for  all  data  points  taken  above  3.4  eV.  This  spectrum  seems  to 
indicate  a  tendency  to  return  to  the  normal  lower  nighttime  flux  levels,  but  has 
not  reached  this  point  some  50  seconds  after  thruster  firing  ceased.  These  ap¬ 
parent  variations  in  response  time,  therefore,  tend  to  obscure  the  possible 
association  of  thruster  firings  with  data  perturbations. 

An  enhanced  view  of  the  steep  thermal  tail  below  2  eV  is  seen  in  the  spectrum 
of  figure  5.  This  suggests  that  the  generally  negative  (1-3  volts)  vehicle  pot¬ 
ential  had  decreased  or  gone  positive  at  this  time,  allowing  more  of  the  very  low 
energy  electrons  to  enter  the  analyzer,  thus  allowing  more  of  this  tail  to  be 
observed.  This  is  supported  by  independent  measurements  from  a  companion  experi¬ 
ment  (ref.  2),  the  data  from  which  indicates  a  vehicle  potential  of  about  +0.8 
volts  at  the  time  this  spectrum  was  taken. 

That  thruster  firings  may  contribute  to  higher  flux  levels  is  consistent  with 
the  data  shown  next  in  figure  6.  This  relates  to  a  35  second  orbital  maneuvering 
system  (OMS)  burn  which  occurred  during  this  period.  The  OMS  employs  the  same 
hypergolic  reeaction  as  described  for  the  thrusters  except  that  each  of  the  two 
engines  in  this  system  generates  6000  pounds  of  thrust  as  compared  to  only  24 
pounds  for  each  of  the  vernier  thrusters.  This  figure  shows  two  typical  individual 
spectra,  the  lower  of  which  was  taken  prior  to  the  OMS  burn,  and  the  upper  taken 
during  and  immediately  after  the  burn.  Only  a  little  over  two  minutes  separated 
these  individual  spectra  in  time  and  yet  a  difference  of  an  order  of  magnitude  or 
more  is  seen  in  the  flux  levels. 

A  substantial  number  of  spectra  were  obtained  while  the  shuttle  was  in  a 
bottomto-th e-sun  attitude  and  while  these  were  almost  exclusively  daytime  data, 
their  flux  levels  were  among  the  lowest  of  the  flight.  Typically,  these  spectra 
were  indistinguishable  from  nighttime  measurements.  It  seems  likely  that  the  term 
"bottom-to-the-sun"  can  explain  these  low  fluxes:  There  was  almost  certainly  large 
numbers  of  solar  photoelectrons  being  generated  at  the  sunlit  bottom  surfaces  of 
the  wings  and  fuselage  during  these  periods.  The  subsequent  trajectories  of  these 
electrons  would  largely  be  governed,  exclusive  of  collision  processes,  by  the  geo¬ 
magnetic  field  lines.  And  no  matter  what  the  orientation  of  these  lines,  it  seem 
unlikely  that  many  of  these  electrons  could  migrate  into  the  shuttle  bay  area  and 
enter  the  acceptanc .  cone  of  the  analyzer. 
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There  was  little  or  no  thruster  activity  during  all  measurements  of  this  mode  and 
there  was  very  little  variation  between  individual  spectra  obtained  during  these 
periods;  this  is  again  consistent  with  the  possible  correlation  data  perturbations 
and  thruster  firing.  There  was  a  passage  from  day  to  night  in  the  10  minute  bottom- 
to-the-sun  run  illustrated  in  figure  7  which  did  not  appear  to  have  any  effect  on 
spectra  except  at  very  low  energies.  This  is  an  averaged  spectrum  but  it  very 
closely  represents  all  those  obtained,  both  day  and  night,  except  for  the  1-3  eV 
region  where  an  enhanced  view  of  the  thermal  tail  again  appears.  The  maximum  data 
point  for  this  tail  was  a  factor  of  2  or  more  higher  than  shown  in  this  averaged 
spectrum,  and  was  fairly  constant  in  the  daytime  spectra.  Following  eclipse, 
this  dropped  immediately  by  a  factor  of  8  to  10  and  remained  quite  constant  in  all 
of  the  night  spectra.  This  again  suggests  a  diminished  vehicle  potential  and, 
again,  this  was  supported  by  the  independent  measurements  of  reference  2.  It  also 
indicates  the  influence  of  daytime  solar  photoelectrons  on  the  low  energy  (1-3 
eV)  region  of  these  spectra  but  not  elsewhere  which,  in  turn,  indicates  the 
influence  of  collision  processes  since  most  of  these  electrons  must  have  come  from 
the  sunlit  side.  Note  also  that  the  data  points  in  the  extreme  low  energy  region 
of  this  spectrum  are  seen  to  be  reduced  substantially  below  the  maximum  point,  an 
effect  observed  in  all  the  spectra  of  this  run.  This  was  due,  almost  certainly, 
to  geomagnetic  shadowing.  The  orientatin  of  the  geomagnetic  field  lines  throughout 
the  run  was  toward  the  aft  quarter  and  downward  with  respect  to  the  vehicle,  or  to 
the  right  and  downward  with  respect  to  the  analyzer  look  direction.  This  means 
that  some  electrons  spiraling  about  field  lines  in  trajectories  that  would  nor¬ 
mally  bring  them  within  the  acceptance  cone  of  the  analyzer  could,  in  some  cases, 
be  intercepted  by  vehicle  or  payload  components  and  thus  be  lost  to  collection. 

The  lower  energy  electrons  are  most  vulnerable  to  such  shadowing  effects  because 
of  their  shorter  Larmor  radii.  In  the  case  of  the  high  termal  tail  seen  earlier 
in  which  no  such  effect  was  observed,  the  field  lines  were  oriented  to  the  left, 
or  forward,  and  above,  where  no  vehicle  or  payload  components  existed  to  obstruct 
the  electron  paths. 

Figure  8  shows  a  spectrum  typical  of  all  those  obtained  during  two  of  these 
bottom-to-th e-sun  periods.  These  were  daytime  measurements  during  which  there 
were  no  thruster  firings  and  virtually  no  difference  between  individual  spectra. 

Note  the  valley-like  structure  in  the  2-4  eV  region.  This  feature  was  present 
in  all  spectra  of  these  two  consecutive  runs  and  is  strongly  suggestive  of  the 
N2  vibrational  excitation  energy  loss  mechanism  (the  nitrogen  bite-out)  mention¬ 
ed  earlier  as  a  characteristic  of  ambient  spectra  below  200  km.  This  would  not 
be  expected  to  appear  in  ambient  spectra  at  the  shuttle  altitude  (300  km).  But 
if  sufficient  N2  were  present,  the  mechanism  that  produces  this  structural 
feature  should  prevail.  Residual  N2  from  the  MMH/N2O4  thruster  reaction  might 
possibly  have  provided  this.  The  question  of  why  this  feature  was  seen  only  in 
these  data,  but  seen  consistently  throughout  them,  has  no  immediate  answer. 

SUMMARY/CONCLUSIONS 

Undoubtedly,  the  most  remarkable  feature  of  these  measurements  is  the  rel¬ 
atively  flat  spectral  distribution  of  higher  energy  electrons  which  was  consist¬ 
ently  observed  but  remains  essentially  unexplained.  And  while  the  data  asso¬ 
ciating  quantitative  electron  flux  excursions  with  thruster  and  0MS  firings  can 
be  considered  pursuasive,  it  cannot  be  considered  conclusive  based  on  these  data 
alone.  The  data  do  seem  conclusive  in  indicating  that  locally  generated  solar 
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photoelectrons  contribute  substantially  to  the  daytime  electron  environment  of 
the  shuttle.  Other  observed  departures  from  the  general  characteristics  of  these 
spectra  also  lend  themselves  to  explanations  as,  for  example,  geomagnetic  shadowing 
or  the  N2  bite-out  mechanism.  And  the  occasional  enhanced  observations  of  the 
steep  thermal  tail  is  probably  explained  by  departures  in  vehical  potential  levels. 
Many  questions  remain,  however.  A  reflight  of  this  experiment,  modified  as  earlier 
described,  should  provide  very  useful  additional  data  and,  possibly,  some  answers. 
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Enhanced  view  of  therol  tail,  apparent-  Fig.  6  Before  and  after  spectra  related  to  short 

ly  due  to  varying  vehicle  potential.  016  burn.  The  apparent  delayed  response 

This  potential  had  departed  from  its  of  flux  levels  to  the  bum  is  seen.  Thes< 

usual  slightly  negative  /alue  to  about  spectra  were  obtained  about  two  minutes 

40.8  volts  at  the  tine  this  spectrum  apart. 
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LABORATORY  STUDIES  OF  KAPTON  DEGRADATION  IN  AN  OXYGEN  ION  BEAN 


Dale  C.  Ferguson 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44135 


Results  are  presented  from  a  preliminary  laboratory  investigation  of  the 
degradation  of  the  widely  used  polylmld*  Kapton  under  oxygen  Ion  bombardment. 
Recent  space  shuttle  flights  have  shown  that  Kapton  and  some  other  materials 
exposed  to  the  apparent  "ram"  flow  of  residual  atmosphere  (at  orbital  velocity 
In  low  Earth  orbit)  lose  mass  and  change  their  optical  properties.  It  has 
been  hypothesized  that  these  changes  are  caused  by  chemical  interaction  with 
atomic  oxygen,  aided  by  the  5-eV  Impact  energy  of  atmospheric  oxygen  atoms  In 
the  ram. 

In  the  laboratory  Investigation  the  atomic  oxygen  flow  was  simulated  by  a 
flow  of  oxygen  Ions.  The  Ions  were  generated  by  a  discharge  In  a  microwave 
resonant  cavity,  accelerated  and  decelerated  electrostatically,  and  Impacted 
on  Kapton  targets  In  a  high  vacuum.  Tests  were  also  performed  using  non- 
reactive  gas,  argon,  In  place  of  the  reactive  oxygen.  Oxygen -bombarded  samples 
showed  a  loss  of  material  and  a  change  In  optical  properties  »ery  slmllai  to 
those  of  samples  returned  by  the  space  shuttle.  Scanning  electron  microscope 
photographs  of  the  oxy&en-lon-bombarded  samples  also  showed  structures  strongly 
resembling  those  of  samples  from  the  shuttle.  Argon-bombarded  samples  showed 
no  significant  material  loss  or  change  of  optical  properties  or  surface  struc¬ 
ture  under  SEN. 

All  bombarded  samples  showed  changes  In  surface  composition  when  examined 
by  low-energy  windowless  energy  difference  X-ray  analysis  (EOAX)  and  Auger 
spectroscopy.  Oxygen-bombarded  samples  showed  an  apparent  decrease  In  surface 
carbon  as  compared  with  pristine  samples,  whereas  argon-bombarded  samples 
showed  a  variable  Increase  In  surface  carbon,  depending  on  where  the  samples 
were  located  In  the  argon  Ion  beam.  These  changes  are  attributed  to 
sputtorlng. 

The  reaction  rate  under  Or-  bombardment  seemed  to  be  Independent  of  Inci¬ 
dent  energy  over  a  wide  range  of  energies.  Although  the  flux  of  thermal  Ions 
In  this  experiment  was  much  greater  than  the  accelerated  flux,  the  observed 
Kapton  degradation  was  limited  to  the  beam  area  and  ram  flow  direction.  This 
Is  consistent  with  an  activation  energy  above  the  thermal  energies  but  well 
below  the  beam  energies. 

The  results  reproduce  well  the  material  loss,  optical  changes,  SEN  surface 
structure,  and  "ram*  directionality  of  the  samples  returned  by  the  shuttle. 
These  factors,  along  with  the  lack  of  degradation  under  argon  Ion  bombardment, 
are  convincing  evidence  for  ram  flow  oxidation  as  the  mechanism  of  degradation. 
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INTRODUCTION 


Kapton  and  other  materials  (such  as  carbon  coatings  and  paints)  undergo 
weight  loss  and  surface  degradation  In  low  Earth  orbit  (ref.  1).  Kapton.  a 
polylmlde  with  wide  applications  In  spacecraft  technology,  experiences  surface 
roughening  on  micrometer  length  scales,  a  change  In  surface  appearance  from  a 
glossy  transparency  to  a  milky  translucence,  a  loss  In  weight,  and  changes  In 
Its  optical  properties.  These  changes,  first  noted  on  the  early  space  shuttle 
flights  (rrf.  1),  have  Important  Implications  for  conducting  extended  opera¬ 
tions  using  Kapton  In  low  Earth  orbit.  Kapton  has  been  used  for  thermal  con¬ 
trol  coatings  and  electrical  Insulation  and  has  been  proposed  as  a  flexible 
substrate  for  large  solar  arrays  because  of  Its  excellent  temperature  stability, 
extremely  low  surface  conductivity,  and  flexible  strength.  It  Is  Important  to 
know  the  mechanism  for  deterioration  In  low  Earth  orbit  so  that  Kapton  can  be 
modified,  coated,  or  replaced  with  other  materials  In  critical  applications. 

It  has  been  suggested  that  Interaction  with  the  residual  atomic  oxygen 
atmosphere  1<  the  mechanism  of  degradation  (ref.  1).  The  major  atmospheric 
constituent  at  shuttle  altitudes  Is  atomic  oxygen.  Each  atom  of  oxygen 
Impacts  *n  orbiting  vehicle  with  an  energy  of  about  8xl0~'"  J  (5  eV),  equiva¬ 
lent  to  the  Impact  energy  of  thermal  atoms  at  about  60  000  K.  High- temperature 
oxidation,  about  which  little  Is  known,  may  then  be  the  reaction  leading  to 
mass  loss,  change  of  surface  properties,  etc. 

Although  oxidation  Is  a  likely  hypothesis  as  the  mechanism  of  degradation, 
other  possibilities  exist.  The  mass  loss  might  be  due  to  low-energy  sputter¬ 
ing,  for  example.  It  Is  well  known  that  sputtering  thresholds  for  metals  seem 
to  be  higher  than  the  Impact  energies  of  atoms  and  molecules  In  low  Earth  orbit 
but  such  thresholds  have  never  been  measured  for  complex  organic  materials. 
Also,  chemical  reactions  with  other  species  abundant  In  low  Earth  orbit,  such 
as  molecular  nitrogen,  could  not  be  excluded  out  of  hand. 


GOALS  ANO  APPROACH 

It  Is  desirable  to  understand  the  mechanism  of  the  orbital  Interaction  of 
Kapton  and  other  materials  with  atomic  oxygen,  to  see  whether  the  Interaction 
Is  chemical  or  sputtering  In  nature,  to  determine  reaction  rates  and  tempera¬ 
ture  and  energy  dependences,  to  Investigate  the  possibility  of  Interfering  with 
the  Interaction  through  the  use  of  protective  coatings  or  other  materials,  and 
to  develop  techniques  for  testing  materials  before  flight.  At  Lewis  Research 
Center  It  was  decided  to  attempt  the  simulation  of  conditions  In  low  Earth 
orbit  In  order  to  Investigate  these  matters.  Since  It  Is  difficult  to  accel¬ 
erate  neutral  atomic  species  to  orbital  energies,  It  was  decided  to  use  accel¬ 
erated  Ions  In  the  Lewis  simulation.  It  Is  clear  from  work  on  sputtering 
(ref.  2)  that  charge  exchange  with  the  surface  can  occur  long  before  the  momen¬ 
tum  exchange,  so  that  by  the  time  the  reaction  energy  Is  Imparted  by  the 
Incoming  Ions,  they  may  be  Identical  to  neutral  atoms  for  chemical  purposes. 

Thus  an  attempt  was  made  to  simulate  the  Impact  conditions  In  low  Earth 
orbit  by  acceleration  and  Impact  of  oxygen  and  other  Ions.  Then  the  exposed 
specimens  were  analyzed  and  the  results  compared  with  those  reported  from 
shuttle  flight  experiments  and  other  laboratory  simulations.  Reaction  rates 
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and  surface  compositions  were  found,  finally  an  attempt  was  made  to  understand 
the  laboratory  results  and  to  see  what  light  they  might  shed  on  the  flight 
results  and  on  the  reaction  mechanism  In  order  to  simulate,  understand,  and 
suggest  ways  to  control  the  reaction  In  low  Earth  orbit. 

EXPERIMENT  PROCEDURE 

For  the  preliminary  results  reported  herein,  a  tunable  microwave  resonant 
cavity  (fig.  1)  was  used  to  dissociate  and  Ionize  technical  grade  (99.5  per¬ 
cent)  oxygen  gas.  The  gas  was  leaked  Into  a  glass  container  within  the  micro- 
wave  cavity  and,  after  Ionization,  was  accelerated  electrostatically  to  Impact 
samples  of  Kapton.  The  experiment  was  done  In  vacuum  tank  8  of  the  Electric 
Propulsion  Laboratory  at  Lewis.  Tank  8  Is  a  horizontal  circular  cylinder  about 
1  meter  In  radius  and  4  meters  In  length.  Tank  pressures  were  maintained  by 
diffusion  pumps  at  about  1.3x10-2  Pa  (10~4  torr)  during  beam  operation  and 
at  about  1.3x10  4  Pa  (10~*  torr)  with  the  beam  off.  The  help  of  Shlqeo 
Nakanlshl  of  Lewis  was  Invaluable  In  obtaining  t!  '  experimental  results 
reported  herein. 

The  microwave  cavity  used  a  maximum  of  100  W  of  radiation  at  a  frequency 
of  2450  MHz.  The  cavity  was  electrically  biased  at  a  voltage  of  approximately 
800  V,  and  the  accelerating  grid  (made  of  molybdenum  that  was  glass  coated  on 
one  side)  was  biased  to  approximately  -200  V.  The  Ion  beam  produced  was  about 
5  cm  In  diameter  and  diverged  as  It  traversed  the  space  between  source  and 
samples.  A  typical  oxygen  flow  rate  Into  the  microwave  cavity  was  about 
4.2x10"'  m3/s  (25  standard  cm3/m1n). 

The  Kapton  samples  were  supported  by  a  strip  heater  with  attached  thermo¬ 
couples.  Sourco-to- sample  distance  was  10  cm  for  some: trials  and  23  cm  for 
others.  The  samples  were  within  5  cm  of  the  axial  beam  center.  The  plasma 
mean  free  path  In  all  cases  was  longer  than  the  source-to-semple  distance. 

The  beam  was  decelerated  for  some  samples  by  biasing  the  aluminum  backing  to 
retarding  potentials  of  up  to  1000  V.  The  heater  strip  was  Insulated  from  the 
samples  by  two  layers  of  2.5x)0"3-cm-th1ck  < 1 -ml  1 )  Kaptori  tape  and  from  the 
tank  wall  by  a  fiberglass  mounting  beam.  All  wires  In  the  cavity  were  covered 
with  Teflon  tubing  to  reduce  glow  discharges  In  the  tenuous  gas. 

A  retarding  potential  analyzer  (RPA)  that  could  be  swung  Into  and  out  of 
the  beam  was  used  to  determine  the  beam  current  density.  Typical  RPA  currents 
were  185  pA,  which  when  divided  by  the  RPA  area  of  13.4  cm2  gives  an  average 
central  beam  current  density  of  about  14  pA/cm2.  The  beam  was  spectroscopi¬ 
cally  analyzed  with  a  0.5-m  Jarrell-Ash  spectrometer  with  0.01-nm  resolution. 
The  spectrum  shows  that  most  of  the  beam  consisted  of  singly  Ionized  atomic 
oxygen,  although  lines  of  neutral  atomic  oxygen  were  prominent  near  the  sample 
distance  because  of  their  greater  radiative  lifetimes.  Equilibrium  floating 
potentials  on  the  heater  strip  while  the  beam  was  In  operation  were  measured 
on  the  thermocouple  wires  to  be  In  the  range  400  to  500  V. 

While  the  oxygen  beam  was  operating,  a  faint  white  glow  extended  about 
5  mm  In  front  of  Impacted  surfaces.  Behind  the  sample  holder  a  distinct 
greenish  tinge  could  be  seen  In  the  diffuse  glow  of  the  beam.  The  white  glow 
can  be  attributed  to  continuum  radiation  from  oxygon  recombination  at  the 
surface.  The  green  glow  appears  spectroscopically  (ref.  3)  to  be  from  the 


first  negative  bands  of  0$,  which  one  suspects  are  caused  by  Ionization  ‘•he 
recombined  oxygen  by  the  impinging  Ion  beam. 

Table  I  gives  the  parameters  of  the  Lewis  preliminary  feasibility  studies. 
Fluxes  were  calculated  from  RPA  currents  and  estimated  beam  divergence  and 
total  fluence  was  calculated  from  fluxes  and  exposure  times.  In  each  case,  the 
expected  thermal  flux  of  neutral  oxygen  was  greater  than  the  Ion  flux  In  the 
beam,  and  yet  degradation  occurred  only  In  areas  where  the  beam  actually  struck 
the  samples.  Thus  the  Impact  energy  must  be  Important  to  the  degradation. 


RESULTS  AND  ANALYSIS 

Visual  Inspection  of  the  bombarded  surfaces  showed  that  where  the  oxygen 
beam  had  struck,  the  smooth,  yellow  transparent  surface  of  the  Kapton  had 
changed  to  a  milky  yellow  translucence.  Argon-bombarded  samples  at  the  same 
low  fluence  showed  no  such  change,  only  a  thin  transparent  metallic  film  that 
EDAX  showed  to  be  molybdenum  sputtered  from  the  jncoated  side  of  the  accelera¬ 
tor  grid.  Under  oxygen  bombardment,  shadowed  regions  of  the  Kapton  tape  sur¬ 
rounding  the  sample  holder  showed  no  degradation,  nor  did  areas  outside  the 
beam.  In  one  case  (11/24/82)  the  Kapton  tape  In  the  renter  of  the  beam  showed 
a  total  loss  of  Kapton,  with  only  the  sticky  silicone  adhesive  remaining.  The 
aluminum  back  sides  of  argon- bombarded  sample  strips  were  scorched  and  black¬ 
ened  near  the  edges.  EDAX  later  showed  this  to  be  a  thin  molybdenum  coating, 
again  presumed  to  be  sputtered  from  the  accelerator  grid. 

Under  the  scanning  electron  microscope  the  oxygen-bombarded  samples  had  a 
carpetllke  texture,  with  structures  about  1  pm  and  smaller.  They  looked  quite 
similar  to  samples  returned  by  STS  flights  (fig.  2  from  ref.  4).  In  contrast, 
pristine  samples  and  argon-bombarded  samples  of  Kapton  were  smooth  at  all 
magnifications. 

Also,  under  a  scanning  electron  microscope,  an  Indication  was  obtained 
that  the  surface  conductivity  of  Kapton  was  changed  by  Ion  bombardment.  Both 
oxygen-  and  argon-bombarded  samples  retained  their  surface  charge  (as  made 
visible  by  changes  In  magnification)  for  much  shorter  times  than  did  the  pri¬ 
stine  control  sample.  It  Is  not  clear  whether  the  change  In  surface  conduc¬ 
tivity  was  due  to  the  presence  of  sputtered  contaminants  or  In  part  to  changes 
In  surface  composition. 

Low-energy  EDAX  analysis  of  the  samples  was  undertaken  with  the  valued 
assistance  of  Paul  Aron  of  Lewis.  The  Instrument  used  had  a  windowless 
detector,  which  allowed  very  low-energy  electrons  to  be  used.  Although  EOAX 
at  high  energies  {2.4xl0~'*  J,  or  15  keV)  showed  tho  presence  of  aluminum, 
silicon,  and  molybdenum  In  the  bombarded  samples  (presumably  sputtered  from 
the  accelerator  grid  and  tank  wall  fixtures)  and  their  absence  In  the  pristine 
samples,  this  was  of  limited  usefulness  In  analyzing  the  change  In  surface  com¬ 
position  of  the  Kapton.  Pristine  Kapton,  being  on  extremely  good  insulator, 
will  acquire  a  charge  through  loss  of  secondary  electrons  for  Incident  electron 
energies  above  about  2.4x10“'*  J  (1.5  keV).  Thus  the  pristine  standard  would 
see  EOAX  electrons  of  a  different  energy  than  th^se  seen  by  the  more  conductive 
Ion-bombarded  samples. 
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Furthermore,  electrons  of  2.4x10'^  j  (15  keV)  energy  have  a  mean  free 
path  In  Kapton  of  about  6.4x1(H  cm  (0.2S  mil),  which  makes  bulk  composition 
and  geometrical  effects  (due  to  the  texture  of  the  oxygen-bombarded  surface) 
Important  In  the  analysis.  For  these  reasons  EDAX  at  Incident  energies  of 
l.ftxlO-16  J  (1.0  keV)  was  undertaken.  At  this  energy  the  mean  free  path  of 
electrons  In  Kapton  should  be  about  7.6x10"*  cm  (0.03  mil).  This  would 
Insure  that  the  true  surface  composition  would  be  measured,  allowing  only  for 
shadowing  on  the  X-ray  counts  from  textured  surfaces. 

By  taking  mass  attenuation  coefficients  and  fluorescence  yields  from 
Robinson  (ref.  S)  and  assuming  a  3  percent  metallic  mass  fraction  from  sput¬ 
tered  metals,  the  relative  carbon,  nitrogen,  and  oxygen  abundances  at  the  sur¬ 
face  could  be  determined.  Table  II  summarizes  of  the  present  results  on 
samples  at  different  EOAX  electron  energies.  The  composition  measured  with  the 
1.0-keV  energy  was  significantly  different  from  the  pristine  Kapton  used  as  a 
calibration  for  both  oxygen-  and  argon-bombarded  samples. 

These  results  are  Insensitive  to  errors  In  the  total  count  rate,  electron 
penetration  depth,  and  percentage  of  metals  assumed,  largely  because  the  pene¬ 
tration  depth  Is  so  small  that  there  Is  less  than  2Q  percent  absorption  for 
X-rays  from  any  species.  The  composition  obtained  from  the  EOAX  analysis  can 
be  compared  with  that  which  would  occur  If  pristine  Kapton  lost  40  percent  of 
Its  carbon  atoms  (normalizing  to  C,  N,  and  0  only):  59.4  percent  C,  10. 1 
percent  N,  and  30.5  percent  0.  This  suggests  that  the  major  change  In  com¬ 
position  of  the  surface  was  a  severe  loss  of  carbon.  Since  the  electron 
penetration  depths  at  energies  of  4  and  15  keV  were  so  much  larger,  a  loss  of 
carbon  only  near  the  surface  was  also  consistent  with  the  measurements  made  at 
those  energies. 

An  Auger  analysis  of  other  samples  done  by  A,  Gordon  and  R.  Hoffman  of 
Case  Western  Reserve  University  and  communicated  to  us  has  confirmed  these 
results  for  oxygen  bombardment  (severe  loss  of  carbon)  but  was  quite  variable 
for  argon  bombardment.  It  may  be  concluded  that  the  surfaces  of  the  oxygen- 
bombarded  samples  suffered  a  severe  carbon  loss,  but-  for  the  argon-bombarded 
samples  the  situation  Is  more  complicated.  For  argon  bombardment,  composition 
changes  may  be  due  to  selective  sputtering  (ref.  5);  for  oxygen  bombardment, 
beam  deceleration  may  have  made  sputtering  unlikely.  Since  chemical  Inter¬ 
action  was  Indicated  at  any  rate  as  the  source  of  surface  damage  In  oxygen 
bombardment,  the  major  chemical  change  appeared  to  be  oxidation  of  carbon  on 
the  surface,  which  then  evolved  as  gaseous  carbon  monoxide  or  dioxide,  leaving 
a  carbon-depleted  surface.  This  hypothesis  Is  consistent  with  the  reported 
rapid  loss  of  pure  carbon  coatings  In  low  Earth  orbit  (ref.  7). 

The  surface  of  the  oxygen-bombarded  samples  became  quite  soft  (easily 
scratched) ;  abraded  sections  lost  their  milky  translucence  and  became  yellow 
and  transparont,  much  like  the  pristine  samples.  Because  no  visible  amount  of 
material  was  left  on  the  scratching  Implement,  the  change  of  optical  properties 
was  probably  Indicative  only  of  a  change  In  surface  structure. 

The  Indices  of  refraction  of  the  samples  were  measured  by  elllpsometry . 

The  elllpsometer  used  a  He-Ne  laser  of  wavelength  632. B  nm  and  had  a  resolution 
of  ~0.1*  In  polarizer  and  analyzer  angle.  Despite  sort)  difficulty  In  keeping 
the  samples  flat,  repeatable  measurements  were  obtained,  with  the  following 
results:  although  the  pristine  samples  were  very  similar  In  optical  properties 


to  their  aluminum  backing  (which  proved  to  be  coated  by  a  thin  film  Itself), 
the  Ion-bombarded  samples  were  significantly  different  from  their  aluminum 
backing.  The  real  and  Imaginary  parts  of  the  Index  of  refraction  are  given  In 
table  111. 

The  variation  with  position  on  the  argon-bombarded  sample  can  be  ascribed 
to  variations  In  the  amount  of  sputtered  molybdenum  on  the  surface  at  differ¬ 
ent  points.  Position  2  closely  resembled  the  apparent  optical  properties  of 
the  pristine  sample. 

Although  the  samples  were  aluminum  backed,  optical  measurements  were 
probably  not  heavily  Influenced  by  the  aluminum  backing  because  the  surfaces 
of  the  oxygen-bombarded  samples,  and  In  particular  of  sample  2,  were  quite 
opaque.  These  optical  values  are  probably  not  Intrinsic  to  oxidized  Kapton 
Itself  but  are  Indicative  of  the  values  as  changed  by  the  surface  structure, 
as  dlscussod  by  Fenstermaker  and  McCrackln  (ref.  8). 

At  the  laser  wavelength  (632.8  nm)  and  angle  of  Incidence  (70*)  used,  no 
specular  reflection  was  observed  for  sample  2.  The  observed  change  In  reflect¬ 
ance  of  the  oxidized  Kapton  may  be  due  to  the  peculiar  surface  structure  shown 
In  the  SEN  photographs,  which,  when  disturbed  by  scratching,  revertod  to  the 
optical  properties  of  smooth  Kapton. 

An  attempt  to  calibrate  the  beam  Intensity  by  the  changed  optical  proper¬ 
ties  of  argon-bombarded  samples,  as  described  In  Mlrtlch  and  Sovey  (ref.  9), 
failed  because  of  the  thin,  sputtered  molybdenum  fl'm  deposited  In  the  present 
experiment. 

Mass  loss  from  the  Kapton  films  was  evident  from  tho  complete  loss  of 
material  In  the  beam  center  In  one  trial.  An  estimate,  from  the  depth  of 
material  removed  and  the  measured  beam  fluxes,  of  the  mass  loss  rate  from  two 
trials  Is  given  In  table  IV.  The  apparent  mess  loss  rates  were  much  higher 
than  those  (~3.72xl0“<'  g/0  atom)  from  shuttle  experiments  (ref.  10),  This 
may  be  due  to  reactions  In  the  tank  with  thermal  oxygen  atoms  and  molecules, 
which  had  a  much  greater  flux  against  the  sample  than  did  the  Ion  beam.  The 
absence  of  reactions  outside  the  beam  area  can  be  explained  If  the  activation 
energy  for  the  reactions  Is  assumod  to  be  supplied  only  by  the  energetic  Ions 
In  the  beam.  Table  V  gives  calculated  reaction  rates  per  thermal  collision  In 
the  tank,  assuming  the  Ideal-gas  law  and  pure  oxygen  at  the  tank  pressure. 

These  rates  are  consistent  with  those  found  on  the  shuttle  and  lend  further 
credence  to  the  hypothesis  that  the  laboratory  reaction  Is  the  same  as  that 
occurring  In  orbit. 


SUMMARY  AND  INTERPRETATION  OF  RESULTS 

The  following  aspects  of  the  shuttle-returned  samples  were  reproduced  In 
the  lewis  Ion  beam  experiments: 

(1)  Visual  appearance 

(2)  SEN  surface  structure 

(3)  Change  from  specular  to  diffuse  reflection 

(4)  Directionality  (ram  dependence) 


In  addition,  the  mass  loss  would  have  been  consistent  with  rates  seen  In  orbit 
If  ambient  thermal  gas  In  the  experiment  could  share  In  the  activation  energy 
supplied  by  the  beam. 

The  following  findings  were  new  to  this  experiment  and  suggest  further 
tests  on  the  shuttle  samples: 

(1)  Reduced  scratch  resistance  of  surface 

(2)  Loss  of  carbon  from  surfaces 

(3)  Enhanced  surface  conductivity 

(4)  Confirmation  that  chemistry  Is  Involved  In  surface  structure  changes 

The  structures  seen  on  0*-bombarded  Kapton  surfaces  seemed  to  be  responsible 
for  the  change  In  specular  reflectivity.  In  addition,  the  loss  of  carbon  sug- 
gested  that  these  surface  structures  may  have  been  produced  by  oxygen  preferen¬ 
tially  attacking  certain  bonds  In  the  polymer.  The  bonds  that  are  probably 
attacked  most  readily  are  the  C-N  bond  (E  >  3.2  eV),  the  C-0  bond  (E  -  3.7  eV), 
and  the  C-C  bond  (E  «  3.8  eV)  (ref.  11),  all  with  energies  below  the  apparent 
Impact  energy  of  atomic  oxygen  In  low  Earth  orbit.  Breaking  the  C-N  and  C-0 
bonds  breaks  the  polymer  chain,  weakening  the  material  and  allowing  penetra¬ 
tion  of  succeeding  oxygen  atoms  deeper  Into  the  plastic.  Furthermore,  suc¬ 
ceeding  breaks  of  the  C-C  bonds  can  allow  oxidation  of  the  dangling  carbon, 
leading  to  a  volatile  product  and  mass  loss. 


CONCLUSIONS 

It  Is  encouraging  that  this  simulation  of  low-Earth-orblt  conditions  using 
0*  Ion  beams  succeeded  In  qualitatively  reproducing  all  of  the  observed 
characteristics  of  the  Interaction  of  Kapton  with  the  Earth's  atmosphere  In 
space  shuttle  flights.  Oxidation  Is  undoubtedly  responsible,  as  opposed  to 
sputtering  or  reaction  with  other  species,  since  simulation  with  0*  was 
successful  and  high-energy  Impact  by  an  Inert  gas  did  not  produce  the  observed 
characteristics  of  samples  returned  from  orbit.  It  may  be  possible  to  test  a 
variety  of  materials  for  reactivity  and  quantitative  mass  loss  rates  by  using 
0+  Ion  beams  In  the  laboratory. 

Regardless  of  the  specific  chemical  reaction  Involved,  It  has  already  been 
found  that  other  materials  are  minimally  reactive  or  nonreactive.  It  may  be 
possible  to  retain  the  desirable  characteristics  (radiation  resistance, 
electrical  resistance,  strength,  flexibility,  and  high-temperature  stability) 
of  Kapton  for  use  as  a  substrate  by  coating  It  with  le«s  reactive  films. 

Oxygen  Ion  beam  bombardment  Is  a  feasible  method  of  testing  such  new  materials 
before  using  them  In  space.  Much  work  remains  to  be  done  at  Lewis  and  else¬ 
where  In  testing  materials  and  clarifying  the  reactions  that  take  place. 
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TABLE  I.  -  PARAMETERS  OF  PRELIMINARY  FEASIBILITY  STUDIES 


R«ie 

Thickness, 

mils 

Material 

r  Ion 

FIf.l 
cnr‘s  J 

Muence* 

cm*2 

Impact  energy 

Sample  temperature 

Pressure 

J 

ev 

K 

*F 

Pa 

torr 

11/24/82 

1 

Kapton  tape 

0* 

{ 6-12 ) x 10^4 

[.3xlol8 

(0—1 300 ) x 1 0~1 ® 

0-800 

450-500 

350-440 

1.7xlO“2 

1.3x10-* 

12/06/82 

1/2.  1,  3, 

Al-backed 

Kapton 

Ai-backed 

Kapton 

Ai-backed 

Kapton 

0* 

(2-3)xl013 

2.1x101/ 

(O-BO)xlO'l® 

0-50 

304-309 

88-96 

1.2xlO-2 

9.2x10-8 

12/09/82 

U2,  1,  3, 

0* 

(2-3)xl013 

2.4xl017 

(<60)xl0-19 

<30 

344 

160 

1.6xlO-2 

1.2x10"* 

12/22162 

1/2,  1.  3, 
and  5 

Ar+ 

(3-4)xl013 

5.2xl017 

(1704)xl0“19 

— 

1065 

311-347 

100-165 

5.6xlO-3 

4.2xlO-5 
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TABLE  11.  -  PERCENTAGE  BY  HEIGHT  Of  ELEMENTS 
C,  N,  AND  0 

(Assumes  3  percent  metals,  normal  teed  to 
C  ♦  N  ♦  0  .  100.0.] 

(a)  Argon  bombardment  (E  ■  1.6xlO"t®  0, 
or  1000  eV) 


Electron  energy 

0  kev 

Element 

Element 
content, 
wt  1 

Pure  Xapton 
content, 
wt  1 

1.6xl(r16  1.0 

C 

58.1 

71.1 

N 

8.5 

7.3 

0 

33.4 

31.6 

6.4xlO-16  4,0 

C 

66.9 

71.1 

N 

6.5 

7.3 

0 

36.5 

31.6 

3.4<10-15  15.0 

C 

73.8 

71.1 

N 

6.6 

7.3 

0 

31.6 

(b)  Oxygen  bombardment  (E  *  4.8xl0“18  J, 
or  30  eV) 

1.6xl0*16  1.0  C  61.3  71.1 

N  7.0  7  .3 

0  31.8  31.6 

&.4xl0-16  4.0  C  70.4  71.1 

N  7.1  7.3 

0  33.4  31.6 

3 .4x10-15  15.0  C  66. 8  71.1 


TABLE  II l .  -  COMPLEX  INDICES  OF 
REFRACTION  FROM  ELLIPSOMETRY 


Ion 

Sample 

n  (real) 

K  (Imaginary) 

1 

1.16 

•-0.33 

0  ♦ 

3 

3.73 

-0,34 

K 

1 (position  1) 

3. 4*0. 4 

-0.8*0. 6 

K'* 

1 (position  3) 

1.0*0. 3 

3. 3*0.1 

| Pristine 

0.5*0. 3 

l. 9*0.1 

•Error*  for  the  oxygen-bombarded  sample* 
art  <0.1  In  both  parts  of  the  Index  of 
refraction. 


TABLE  IV.  -  DERIVED  RATES  OF  REACTION  ASSUMING 
ONLY  OXYGEN  ION  BEAM  REACTION 


Date 

0*f1u«nct, 

cnf* 

Rate, 
y/0*  Ion 

Method 

11/34/83 

13/09/83 

1.3xl018 

3.4xl017 

>3.8x10"* 2 
y5xlO"22 

Total  loss  of  1-mll  layer 
SEM  photographs 

TABLE  V.  -  DERIVED  REACTION  RATES 
ASSUMING  AMBIENT  OXYGEN  REACTIONS 


Date 

Thermal 

fluent* 

React  lor.  rate, 
g /col  1 1 slon 

11/34/83 

13/09/83 

-1.9xl021 

”9,4x10*® 

>3xlO"25 

jlxlO"25 
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ELECTRON  BEAM  CHARGING  OF  SPACE  SHUTTLE  THERMAL  PROTECTION  SYSTEM  TILES 


John  V.  Staskus 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44135 


Six  space  shuttle  reusable  surface  Insulation  tiles  were  tested  In  the  NASA 
Lewis  Research  Center's  electron  bombardment  test  facility.  The  30-cm-square 
specimens  were  assembled  by  using  the  same  materials  and  techniques  used  to 
apply  the  tiles  to  the  space  shuttle  and  were  composed  of  15-cm-  and  20-cm- 
square  tiles  and  pieces  on  0.6-cm-thlck  aluminum  substrates.  There  were  two 
specimens  of  each  of  three  thicknesses.  One  specimen  of  each  thickness  had 
gaps  of  less  than  0.1  cm  between  tiles,  and  the  other  had  gaps  of  approximately 
0.15  cm.  Ihe  specimens  were  exposed  to  monoenergetlc  electron  beams  (2  to 
25  keV)  with  nominal  fluxes  of  0.1  and  1  nA/cm2.  Tests  were  conducted  with 
both  grounded  and  floating  substrates.  The  data  presented  Include  charging 
rates,  equilibrium  potentials,  and  substrate  currents.  There  Is  evidence  that 
discharging  occurred. 


INTRODUCTION 

The  advent  of  polar  orbit  space  shuttle  missions  has  raised  new  concerns 
about  spacecraft  charging  -  concerns  formerly  associated  with  high-altitude 
(l.e.,  geosynchronous)  satellites.  Charging  of  dielectric  materials  by  multi- 
kilovolt-energy  electrons  can  cause  arc  discharging,  which  may  result  In  rf 
noise  that  can  Interfere  with  communications  and  may  Induce  voltage  transients 
In  the  electrical  system  that  can  upset  or  damage  low-level  electronic  circuit¬ 
ry.  At  the  request  of  the  Air  Force  Ceophyslcs  Laboratory  and  with  specimens 
supplied  by  the  NASA  Johnson  Space  Center  low-keV  electron  beam  charging  tests 
were  conducted  In  the  electron  bombardment  test  facility  at  the  NASA  Lewis 
Research  Center. 

Tests  conducted  previously  at  the  Rome  Air  Development  Center  Investigated 
the  response  of  shuttle  tile  materials  to  electron  beams  with  energies  from 
10  keV  to  1  MeV  (ref.  1).  In  that  work  discharges  were  detected  as  current 
pulses  to  a  substrate.  This  work  Investigated  the  charging  behavior  of  surface 
Insulation  tiles  from  the  shuttle's  thermal  protection  system  (described  In 
refs.  2  to  4)  when  subjected  to  monoenergetlc  electron  beams  with  energies  of 
2  to  25  keV. 


TEST  SPECIMENS 

The  tost  specimens  provided  by  Johnson  consisted  of  0.6-cm-thlck  by  30-cm- 
square  aluminum  plates  with  shuttle  tile  pieces  attached.  The  materials  and 
techniques  used  were  the  same  as  those  used  to  apply  the  tiles  to  the  space 
shuttle.  There  were  two  specimens  of  each  of  three  thicknesses  (1-1/4  cm, 


91 


2-1/2  cm,  and  S  cm).  The  thinnest  tiles  (20  cm  square)  were  white  and  the 
others  (15  cm  square)  were  black.  One  specimen  of  each  thickness  had  gaps  of 
less  than  0.1  cm  between  tile  pieces  and  the  other  had  gaps  of  approximately 
0.15  cm.  Each  specimen  contained  at  least  one  full  uncut  tile.  Host  of  the 
tile  pieces  had  3x5  dot  matrix  Identification  code  characters  stenciled  on 
them  -  black  on  tho  white  tiles  and  yellow  on  the  black  tiles.  The  5-cm-thlck 
specimen  with  large  gaps  had  a  filler  material  that  appeared  to  be  folded  glass 
fabric  In  the  gaps,  with  the  fold  at  the  exposed  surface.  Figures  1  to  9  show 
edges  and  faces  of  the  six  specimens.  Capacitances  measured  from  a  conductive 
sheet  placed  on  the  tiles  to  the  aluminum  substrate  were  approximately  75  pF 
for  the  1-1/4-cm-thlck  tile  specimens,  50  pF  for  the  2-1/2-cm-thlck  specimens, 
and  30  pF  for  the  S-cm-thlck  specimens. 


CONFIGURATION  AND  TESTS 

The  specimens  were  tested  Individually  In  the  2-m-1ong  by  2-m-dlameter 
electron  bombardment  test  facility  (ref.  5).  They  were  mounted  approximately 
1.2  m  from  the  electron  source  with  the  specimen's  face  normal  to  the  source- 
target  axis.  The  substrate  was  supported  on  Luclte  posts  so  that  tests  could 
be  conducted  with  the  substrate  floating  as  well  as  grounded.  In  the  grounded 
substrate  configuration  an  electrometer  was  used  to  monitor  substrate  current 
collectV  ;.  The  edges  and  rear  of  the  substrate,  which  were  not  covered  with 
shuttle  tiles,  were  covered  with  Kapton  to  minimize  the  substrate's  collection 
of  particles  other  than  the  beam  electrons  Intercepted  by  the  Irradiated 
surface. 

The  capacitance  measured  between  the  substrate  and  Its  vacuum  chamber  envi¬ 
ronment  was  approximately  20  pF.  This  would  also  be  an  upper  limit  to  the 
capacitance  expected  between  the  exposed  tile  face  and  the  chamber  environment 
In  parallel  with  the  30-  to  75-pF  capacitance  across  the  tile  to  the  substrate. 

Noncontacting  electrostatic  voltage  probes  were  used  to  measure  potentials 
across  the  tile  surface  and  on  the  substrate  when  It  was  floating.  For  early 
tests  a  single  probe  was  available  and  was  swept  across  the  tile  surface  at  a 
separation  of  approximately  0.2  cm.  When  the  substrate  was  floating,  a  small 
patch  of  metal  connected  to  the  substrate  was  placed  In  the  path  of  the  probe 
In  o~der  to  monitor  the  substrate's  potential.  The  patch  was  shielded  from 
direct  Interception  of  beam  electrons,  but  the  substrate  was  less  well  Isolated 
from  other  particles  In  Its  environment.  For  later  tests  a  second  probe  con¬ 
tinuously  monitored  the  substrate  from  behind. 

The  tests  consisted  of  exposing  the  specimens  to  monoenergotlc  electron 
beams  of  2-,5-,10-,15-,20-,  and  25-keV  energy  with  nominal  fluxes  of  0.1  and 
1  nA/cm2.  The  data  presented  herein  consist  of  current  to  the  specimen  sub¬ 
strate  road  with  an  electrometer,  potential  profiles  across  the  sample  obtained 
by  periodically  sweeping  a  noncontacting  voltage  probe  across  the  specimen's 
face,  and  time-exposure  photographs  of  the  Irradiated  surface  made  with  a  cam¬ 
era  located  outside  one  of  the  vacuum  chamber  windows. 


RESULTS 

A  typical  test  began  with  exposure  of  the  specimen  to  the  electron  beam 
while  the  voltage  probe  was  sweeping  across  the  tile  surface.  This  gave  an 
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indication  of  the  charging  rate  of  the  uncharged  surface  during  the  Initial 
seconds  of  exposure.  A  single  point  on  the  surface  could  not  be  monitored 
continuously  as  the  presence  of  the  voltage  probe  would  shield  that  point  from 
charging  by  the  electron  beam.  Generally  the  tile  surface  was  charged  to 
nearly  Its  equilibrium  potential  In  less  than  1  min  from  the  time  of  Initial 
exposure.  Figure  10  Illustrates  the  charging  behavior.  It  shows  the  charging 
of  one  of  the  thinnest,  highest  capacitance  specimens  for  fwo  electron  beams 
with  order-of -magnitude  different  fluxes.  As  would  be  exp-cul,  there  Is  ap¬ 
proximately  an  order-of -magnitude  difference  In  the  tinL  aken  to  reach  a  given 
potential  In  the  two  beams.  Figure  11  presents  the  equilibrium  surface  poten¬ 
tials  as  a  function  of  beam  energy  for  the  six  specimens.  The  range  of  poten¬ 
tials  observed  across  a  specimen's  surface  Is  Indicated  by  symbols  joined  with 
a  vertical  line.  The  charging  of  the  tile  surfaces  to  within  2  kV  of  the  beam 
accelerating  potential  suggests  that  the  secondary  electron  emission  coeffi¬ 
cient's  second  crossing  of  unity  occurs  at  approximately  2  kV  <ref#  6). 

Table  I  presents  the  substrate  currents  for  the  six  specimens  at  the  ends  of 
the  tests. 


An  Interesting  observation  made  In  some  of  the  tests  was  that  the  potential 
of  the  dot  matrix  characters  on  the  tile  was  sometimes  greater  than  the  beam 
accelerating  potential.  This  could  conceivably  occur  If  the  secondary  electron 
coefficient  of  the  character  paint  were  sufficiently  less  than  that  of  the  sur¬ 
rounding  tile.  The  characters  would  rapidly  charge  negative  relative  to  the 
surrounding  tile.  Then  If  the  charging  rate  of  the  surrounding  tile  were  rapid 
enough,  the  potential  difference  between  the  characters  and  tile  could  be  main¬ 
tained,  carrying  the  characters  to  potentials  greater  than  the  beam  accelerat¬ 
ing  potential.  This  kind  of  behavior  has  been  observed  in  the  charging  of 
dielectrics  on  metallic  substrates  that  were  Initially  grounded  and  then  per¬ 
mitted  to  float  (ref.  7). 


Figure  12,  a  15-mln  time-exposure  photograph  for  a  25-keV,  1-nA/cm2  Irradi¬ 
ation,  shows  the  optical  evidence  of  discharging  that  takes  place  on  the  tile 
surfaces  with  the  substrate  grounded.  The  activity  was  not  visible  to  the  eye 
and  was  not  apparent  In  the  substrate  current  being  monitored.  The  fuzzy  Illu¬ 
mination  along  the  gaps  between  tiles  was  barely  evident  In  the  photograph  made 
at  15  keV  and  1  nA/cmz  but  became  brighter  with  increasing  beam  energy. 
Fifteen-minute  time  exposures  made  with  the  electron  flux  at  0,1  nA/cm*  do  not 
show  the  discharging  along  the  gaps.  Photographs  with  an  order -of -magnitude 
longer  exposure  were  not  attempted  since  the  discharging  activity  was  not  the 
only  source  of  light  In  the  chamber:  the  electroit  gun,  though  designed  to 
minimize  It,  produced  a  low  level  of  Illumination.  The  activity  along  the  tile 
gaps  could  be  reduced  by  Inserting  a  dielectric  barrier  In  the  gap,  as  was  done 
with  the  l-i/4-cm-thlck  specimen  having  the  wide  gaps  between  tiles.  Figure  13 
shows  the  locations  of  the  barrier  materials  as  well  as  time-exposure  photo¬ 
graphs  made  before  and  after  addition  of  the  barriers. 


Results  from  tests  with  the  substrate  floating  seem  to  Indicate  that  the 
discharging  was  dependent  on  the  potential  difference  across  the  tile  from  Its 
exposed  face  to  Its  substrate.  In  all  of  those  tests,  the  one  specimen  that 
did  not  exhibit  the  optical  evidence  of  discharging  was  the  one  for  which  that 
potential  difference  never  exceeded  3  kV.  The  other  five  specimens  produced 
evidence  of  discharging  In  the  15-  to  25-keV  beam  energy  range,  where  the 
surface-to-substrate  potential  difference  usually  exceeded  10  kV.  Some  photo¬ 
graphs  showed  discharging  taking  place  along  the  outer  edges  of  the  specimens 
as  well  as  along  the  gaps  between  tiles.  None  of  the  photographs  Indicated 
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anything  taking  place  away  from  the  edges  near  the  center  of  any  uncracked 
tile  or  segment  of  tile,  figure  14  shows  the  potentials  as  a  function  of  beam 
energy  for  the  six  specimens  tested  with  their  substrates  floating. 

An  experiment  was  conducted  in  which  an  edge  of  one  of  the  thickest  speci¬ 
mens  was  Irradiated.  One-half  of  the  edge  had  the  hard  boroslllcate  glass  skin 
of  the  finished  edge  of  a  tile  and  the  other  half  had  the  exposed  low-density 
silica  fiber  bulk  tile  material  of  a  tile  that  had  been  cut.  The  specimen  was 
positioned  so  that  the  voltage  probe  swept  across  both  materials  as  far  as  3  cm 
away  from  the  grounded  substrate.  Figure  15  presents  the  surface  potentials 
observed  as  a  function  of  beam  energy.  The  boroslllcate  material  charged  to 
potentials  observed  In  the  teller  testing.  The  silica  fiber  material  charged 
to  no  more  than  13  percent  of  the  beam  accelerating  potential  for  any  test  and 
Is  probably  the  result  of  high  secondary  electron  emission  (ref.  1). 

Figure  16,  a  time-exposure  photograph,  shows  glowing  silica  fiber  material  and 
discharging  In  or  across  the  nylon  fiber  strain  Isolation  pad  (SIP)  located 
between  the  tiles  and  the  grounded  aluminum  substrate. 

When  the  substrate  was  permitted  to  float,  the  boroslllcate  surface  charged 
to  the  same  potentials  as  before.  The  silica  fiber  material  became  somewhat 
more  negative  than  when  the  substrate  was  grounded  but  was  now  positive  with 
respect  to  the  substrate  -  the  substrate  being  nearly  as  negative  as  the  boro¬ 
slllcate  surface.  Figure  17  shows  the  potentials  as  a  function  of  beam  energy, 
and  figure  18  Is  a  time-exposure  photograph  showing  little  discharging  In  or 
across  the  SIP.  Time-exposure  photographs  made  Immediately  following  the 
25-keV  exposure  gave  no  Indication  of  continuing  activity  after  the  electron 
beam  was  turned  off.  However,  In  the  tests  with  the  substrate  grounded  the 
electrometer  sensitivity  was  Increased  after  the  electron  beam  was  turned  off, 
and  a  non-exponentlal-decaylng  positive  current  was  detected  as  well  as  posi¬ 
tive  current  spikes  whose  frequency  of  occurrence  decreased  with  time.  The 
current  read  Immediately  after  electron  beam  turnoff  was  approximately  0.4  nA, 
decaying  to  0.04  nA  at  160  s  and  to  0.004  nA  at  925  s. 


CONCLUDING  REMARKS 

When  subjected  to  monoenergetlc  electron  beams,  the  space  shuttle  thermal 
protection  system  tiles  rapidly  charged  to  potentials  about  2  kV  less  In  magni¬ 
tude  than  the  beam  accelerating  voltage.  This  1$  Indicative  of  a  secondary 
electron  emission  coefficient  second-crossover  potential  of  approximately  2  kV. 
Optical  evidence  of  surface  discharge  activity  was  produced  for  beam  energies 
of  15  k»V  and  greater  and  Is  concentrated  along  gaps  between  tiles  and  cracks 
In  the  glass  skin.  The  Intensity  of  the  activity  appeared  to  be  dependent  on 
the  potential  difference  between  the  exposed  tile  surface  and  the  tile's  sub¬ 
strate.  Evidence  of  discharging  was  not  seen  when  that  potential  difference 
was  3  kV  or  less.  Placing  a  barrier  of  hlgh-voltage-lnsulatlng  material  such 
as  Kapton  or  Teflon  In  the  gaps  between  tiles  reduced  the  discharging  along  the 
gaps.  The  potentials  achieved  on  the  bulk  tile  material  during  tile  edge  Ir¬ 
radiation  were  qulto  low  and  suggest  that  the  silica  fiber  material  has  a  high 
secondary  electron  emission  yield  In  contrast  to  the  highly  Insulating  glass 
skin.  In  addition,  discharge  activity  was  detected  to  occur  at  a  decaying 
rate  after  the  electron  Irradiation  source  was  turned  off. 
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The  knowledge  and  understanding  of  the  Interactions  between  an  "obstacle" 
and  a  space  plasma  are  fundamental  to  space  plasma  physics  and  are  essential 
to  space  plasma  diagnostics,  In-sltu  data  Interpretation,  and  spacecraft 
charging.  The  obstacle  can  be  a  natural  body  moving  In  the  solar  system  (l.e., 
a  planet  or  a  moon)  or  an  artificial  obstacle  (l.e.,  a  spacecraft  orbiting  the 
Earth  or  any  other  planet  or  moon).  Artificial  obstacles  consist  of  rockets, 
satellites,  space  shuttle,  space  station,  etc. 

The  effects  Involved  In  the  Interaction  between  an  obstacle  and  a  space 
plasma  can  be  divided  Into 

(1)  Effects  on  the  obstacle  Itself  (l.e.,  Its  charging) 

(2)  Effects  on  the  environmental  plasma  due  to  the  motion  of  the  obstacle 
(l.e.,  the  creation  of  shocks  ahead  of  the  obstacle  and  complicated 
wakes  behind  the  obstacle).  In  the  wake  (or  antlsolar  direction), 
plasma  oscillations  are  excited  and  Instabilities,  wave-particle 
Interactions,  turbulence,  etc.',  are  believed  to  take  place. 

The  effects  on  the  obstacle  and  on  the  environmental  space  plasma  are  coupled. 
Hence,  simultaneous  solutions  to  the  Vlasov  (or  Boltzmann)  and  Poisson  equa¬ 
tions  are  sought.  To  obtain  realistic  solutions  of  practical  use,  three- 
dimensional  and  time-dependent  models  of  the  Interaction  are  needed. 

Achieving  the  latter  Is  Indeed  not  simple. 

The  point  should  be  made  that  experimental  and  theoretical  work  of 
practical  Interest  (e.g.,  In  low  Earth  orbit)  can  serve  as  model -experiments 
of  a  wider  scope  of  Interest  and  Importance  In  space  plasma  physics  and  In 
astrophysics  (e.g.,  Falthammar  (1974),  Samir  and  Stone  (1980),  and  Podgorny 
and  Andriianov  (1978)).  This  will,  of  course,  require  the  use  of  qualitative 
scaling  (Falthammar  (1974)  and  Samir  and  Stone  (I960)). 


EXPERIMENTAL  AND  THEORETICAL  THERMAL  PLASMA  RESULTS  -  STATUS  REPORT 

ln-situ  experimental  results  regarding  the  distribution  of  low-energy  Ions 
and  electrons  around  Ionospheric  satellites  In  the  altitude  range  250<H<3000  km 
are  available  In  the  open  literature.  For  recent  brief  review  papers  on  this 


•Presently  NRC/NAS  Senior  Associate  at  the  Space  Science  Laboratory,  NASA 
Marshall  Space  Flight  Center,  Huntsville,  Alabama  35812. 
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subject  we  cite  Samir  (1981)  end  Semlr  end  Stone  (1980).  Unfortunately,  most 
of  these  results  ere  limited  to  the  very  near  vicinity  of  the  satellite  since 
most  of  the  relevant  measurements  were  made  by  probes  flush  mounted  on  the  sur¬ 
face  of  the  satellite.  Although  significant  results  wure  obtained  w'llch 
enhanced  our  knowledge  and  understanding  of  the  Interaction,  more  extensive 
spatial  regions  ahead  and  behind  the  satellite  have  to  be  researched. 

In-sltu  results  were  compared  with  the  theoretical  models  of  Gurevich  et 
al.  (1970),  Parker  (1976),  and  Call  (1969).  Results  of  such  comparisons  are 
given  In  Samir  and  Fonthelm  (1981),  S-mlr  (1981),  and  Samir  and  Stone  (1980). 

It  Is  our  understanding  that  studies  along  similar  lines  are  now  being  per¬ 
formed  by  the  S-CUBEO  group  (Parks  et  al.  (1983)).  The  main  conclusion  from 
these  studies  Is  that  except  for  specific  cases  there  Is  no  quantitative 
agreement  between  theory  and  experiment  for  unmanned,  low-altitude,  small 
Ionospheric  satellites.  The  recent  results  from  the  space  shuttle  mission 
STS-3/Columbla  known  to  the  author  have  not,  unfortunately,  yielded  thermal 
plasma  Information  which  can  be  used  In  a  meaningful  theory-experiment  com¬ 
parison.  It  Is  possible  that  the  wave  data  (Shawhan  and  Murphy  (1983))  may 
yield  new  relevant  Information. 

More  recently  the  distribution  of  H+  and  He4  Ions  around  the  DE-A 
magnetospherlc  satellite  at  H»  (1,  4-3)Rr  (At  >  radius  of  the  Earth)  have 
been  examined  (Samir,  Comfort,  and  Chappell  (1983)).  This  study  extends  the 
range  of  plasma  parameters  vis-a-vis  earlier  studies  and  Is  expected  to  be 
useful  In  magnetospherlc  physics  and  astrophysics.  The  wake  of  an  auroral 
sounding  rocket  In  the  altitude  range  120  to  320  km  was  studied  by  Bering 
(1983).  The  comments  made  In  this  paper  should  be  of  Interest  and  direct 
relevance  to  the  Interpretation  of  parallel  electric  field  measurements  at  low 
altitudes. 

Effects  Involved  In  the  charging  aspect  of  the  Interaction  were  studied 
extensively  In  situ  and  In  the  laboratory.  A  large  effort  was  also  devoted  to 
theoretical  modeling.  Recent  review  papers  regarding  this  aspect  of  the 
Interaction  were  published  by  Whipple  (1981)  and  Garrett  (1981)  and  will  not 
be  further  discussed  here.  One  point  should,  however,  be  made,  namely,  that 
In  order  to  get  realistic  solutions  for  +  from  II  ■  0,  the  distribu¬ 
tion  of  chargo  around  a  spacecraft  has  to  be  reliably  known.  This  Includes 
time-dependent  effects,  wave-particle  Interactions,  Instabilities,  and 
turbulence. 

To  overcome  the  limitation  mentioned  above,  where  measurements  are 
restricted  to  the  very  near  vicinity  of  the  spacecraft,  multibody  systems  or 
multiprobe  systems  are  needed.  Mother-daughter  concepts  as  well  as  shuttle- 
tether  systems  are  applicable  (Samir  and  Stone  (1980)  and  Williamson  et  al. 
(1982)).  The  first  time  a  multibody  system  was  used  to  perform  wake  measure¬ 
ments  was  in  the  Gemlnl-Agena  10  mission  (Troy  et  al.  (1970)).  The  recent 
measurements  of  the  thermal  plasmu  environment  of  the  STS-3/Columbla  shuttle 
mission  (Raltt  et  al.  (1983))  yielded  Initial  results  soma  of  which  are  In 
general  accord  with  measurements  and  predictions  obtained  earlier  from 
unmanned  Ionospheric  satellites.  Raltt  et  al.  (1983)  concludes  that  "thermal 
plasma  probes  mounted  on  the  space  shuttle  orblter  are  not  a  very  good 
arrangement  to  obtain  measurements  of  the  ambient  Ionospheric  thermal  plasma." 
This  conclusion  Is  not  surprising  and  Indicates  that,  In  ordor  to  study  the 
Interaction  of  a  spacecraft  with  Its  environment,  multibody  systems  are  needed. 
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In  addition  to  In-sltu  data,  there  are  laboratory  measurements  which  are 
directly  relevant  to  spacecraft-environment  Interaction.  In  Stone  (19Bla,b) 
and  Stone  and  Samir  (1981),  available  results  for  thermal  plasmas  are  reviewed. 
In  Intrlllgator  and  Steele  (1982,  1983),  similar  studies  were  performed  for 
high-energy  beams  and  an  attempt  was  made  to  apply  them  to  the  Venusian  wake. 
Other  relevant  comments  are  given  In  Eselevlch  (1983). 


EXPANSION  OF  A  PLASMA  INTO  A  VACUUM 


In  a  recent  review  paper  (Samir  et  al.  (1983))  the  Interaction  between  an 
obstacle  and  a  rarefied  space  plasma  was  examined  versus  the  phenomena  and 
physical  processes  Involved  In  the  expansion  of  a  plasma  Into  a  vacuum.  This 
Is  a  new  approach  based  on  theoretical  and  experimental  work  done  In  fusion 
research.  Briefly,  the  basic  processes  Involved  In  the  expansion  are  (1)  the 
propagation  of  a  rarefaction  wave  Into  the  unperturbed  or  ambient  plasma  and 
the  existence  of  Jump  discontinuities  (Gurevich  and  Meshcherkln  (1981a))  at 
the  front  of  the  rarefaction  wave,  (2)  the  acceleration  of  Ions  to  high  veloc¬ 
ities  (l.e.,  to  velocities  reaching  the  order  of  the  electron  thermal  speed  In 
the  ambient  plasma)  by  tha  transfer  of  energy  from  ihe  Infinite  reservoir  of 
ambient  thermal  electrons,  (3)  the  existence  of  an  Ion  front,  and  (4)  the 
excitation  of  plasma  oscillations  and  Instabilities  over  several  spatial  loca¬ 
tions  in  the  vacuum  region.  The  Intensity  of  these  processes  depends  on  the 
specific  Ionic  constituents  and  their  relative  concentrations  In  the  ambient 
plasma  (Gurevich  et  al.  (1973)  and  Singh  and  Schunk  (1982,  1983)),  as  well  as 
on  the  ambient  electron  temperature,  the  normalized  characteristics  length, 
and  the  nature  of  the  density  gradient  at  the  plasma-vacuum  Interface. 
Theoretical  results  showing  the  distribution  of  Ions,  electrons,  and  electric 
fields  In  the  vacuum  region  are  given  In  Gurevich  and  Pltaevsky  (1975), 
Gurevich  and  Meshcherkln  (1981b)),  and  Singh  and  Schunk  (1982,  1983). 

The  point  to  be  made  Is  that  the  wake  behind  an  obstacle  can  be  approxi¬ 
mated  by  a  vacuum  region  Into  which  the  ambient  plasma  expands.  Intrlllgator 
(1983)  suggests  that  structural  patterns  similar  to  those  predicted  In  the 
plasma-expansion  (Samir  et  al.  (1983))  may  exist  In  the  Venusian  wake. 


REMARKS  AND  CONCLUSIONS 


(1)  Despite  the  fact  that  the  Interaction  between  a  spacecraft  and  Its 
environmental  plasma  Is  of  fundamental  Interest  and  Importance  to  science  and 
technology  alike,  relatively  few  experimental  results  are  available  at  the 
present  time.  This  Is  particularly  so  for  the  angular  distribution  of  charge 
and  potential  around  a  spacecraft  orbiting  the  Earth. 

(2)  Reliable  phenomenological  knowledge  and  In-depth  physical  undersell¬ 
ing  of  the  structure  of  the  close  and  far  regions  surrounding  a  spacecraft  are 
needed  In  order  to  test  models  describing  the  entire  Interaction. 

(3)  To  achieve  the  above  objective,  we  11 -conceived  In-sltu  and  laboratory 
experiments  are  needed.  Such  experiments  cannot  be  byproducts  of  geophysical 
measurements  only. 
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(4)  Future  In-sltu  measurements  can  best  be  performed  by  using  multibody 
and  multiprobe  systems.  The  space  shuttle  with  Its  capability  of  ejecting  and 
capturing  small  satellites  Is  a  suitable  space  platform  for  such  Investigations. 
Another  facility  adequate  for  performing  relevant  experiments  1$  the  shuttle- 
tether  system.  Numerous  combinations  exist  by  which  very  meaningful  scientific 
and  technological  experiments  can  be  performed  by  using  the  'iace  shuttle  (or 
any  other  large  space  platform)  and  ejectable  multiprobe  systems. 

(5)  By  adopting  a  wider  scientific  viewpoint,  and  considering  the  phenom¬ 
ena  Involved  In  the  expansion  of  a  plasma  Into  a  vacuum,  an  attempt  can  be 
made  to  proceed  toward  a  UNIFIED  perception  of  the  Interaction  between  an 
obstacle  and  a  spare  plasma. 
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flue  to  limitations  of  methods  commonly  used  to  detect  particles  and  plasmas  few 
examples  of  spacecraft  In  the  Ionosphere  charging  beyond  a  few  volts  appear  In  the 
literature.  This  Impasse  has  been  overcome  with  the  launch  of  the  DMSP/F6  satellite. 
It  was  equipped  with  up-looking  detectors  to  measure  20  point  spectra  of  precipitat¬ 
ing  Ions  and  electrons  with  energies  between  30  eV  and  30  KeV,  once  per  second.  A 
generous  geometric  factor  for  the  Ion  detector  allows  the  application  of  a  technique 
regularly  used  to  Identify  the  degree  of  charging  for  satellites  at  geostationary 
orbit.  The  Llouvllle  Theorem  can  be  used  to  show  that  a  spacecraft  charged,  to  3ay, 
-100  V,  will  measure  no  positive  Ions  In  energy  channels  <  100  eV,  Because  of  the 
acceleration  of  cold,  Ionospheric  Ions  by  the  spacecraft  potential  a  large  count 
rate  should  be  seen  In  an  energy  channel  centered  near  100  V.  A  preliminary  search 
of  early  0MSP  measurements  shows  that  such  charging  peaks  frequently  appear  In  the 
vicinity  of  Intense  Inverted-V  structures.  An  example  chat  closely  approximates  the 
"worst  case"  charging  environments  derived  from  previous  DMSP  missions,  with  only 
electron  measurements  available  has  been  examined.  In  this  case,  with  the  satellite 
In  darkness,  peak  electron  fluxes  occurred  at  energies  of  10  keV  and  charqlng  peaks 
were  observed  In  Ion  energy  channels  up  to  ~65  eV.  The  fact  that  the  spacecraft 
was  charged  was  verified  using  the  SSIE  thermal  piasina  probe  on  the  same  vehicle. 
Calculations  Indicate  that  dielectric  surfaces  In  the  wake  side  of  the  vehicle  charge 
to  many  times  this  number. 


*  Present  address:  Southwest  Research  Institute,  Space  Physics  Section,  San  Antonio, 
TX  78284. 
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INTRODUCTION 


In  this  symposium  Me  are  addressing  questions  concerning  how  large  space  structures 
In  polar  orbit  will  Interact  with  auroral  environments.  Because  spacecraft  charging 
at  ionospheric  attitudes  does  not  seriously  threaten  the  operation  of  today's  rela¬ 
tively  small  polar  satellites  the  subject  of  environment  Interactions  has  not  received 
the  widespread  attention  given  to  It  at  geostationary  altitude.  As  a  matter  of 
economics  It  Is  deslreable  for  us  to  apply  as  much  as  possible  of  what  we  have  learned 
about  spacecraft  Interactions  at  geostationary  orbit  to  low  earth  orbits.  Economics, 
however,  must  not  blind  us  to  real  differences  between  the  two  problems. 

The  environment  at  auroral  latitudes  In  the  Ionosphere  differs  from  that  encounter¬ 
ed  at  geostationary  altitude  In  at  least  two  major  aspects. 

(1)  There  Is  a  large  reservoir  of  high-density,  cold  plasma  which  tends  to 
mitigate  charging  effects  by  providing  a  large  source  of  charged  particles  from  which 
neutralizing  currents  maybe  drawn.  However,  since  Debye  lengths  In  the  Ionosphere 
are  measured  In  centimeters  as  opposed  to  hundreds  of  meters  at  geostationary  altitude 
effective  current  collecting  areas  may  be  severely  limited.  Significant  wake  effects 
behind  large  structures  will  Introduce  new  problems  with  differential  charging. 

(2)  Between  the  magnetic  equator  and  the  Ionosphere,  auroral  electrons  frequent¬ 
ly  undergo  field-aligned  accelerations  of  several  kilovolts  (ref.  1),  The  degree  to 
which  auroral,  as  opposed  to  plasma  sheet,  electrons  deviate  from  Isotropy  Is  a  com¬ 
plex  function  of  the  electron's  energy  and  the  potential  distribution  along  magnetic 
field  lines  (ref.  2).  In  such  environments,  fluxes  of  energetic  protons  are  usually 
below  the  levels  of  Instrumentation  sensitivity  (refs.  3  and  4), 

It  Is  anticipated  that  polar-orbiting  shuttles  will  encounter  the  most  severe 
charging  environments  In  the  vicinity  of  westward  travelling  surges  and  near  Inverted- 
V  structures.  Westward  travelling  surges  occur  In  the  midnight  sector  during  the 
expansion  phases  of  substorms.  Substorm  onsets  are  frequently  marked  by  the  sudden 
brightening  of  the  equatorward-most  arc  (ref,  5),  This  Is  followed  by  a  bulging  and 
rapid  poleward  expansion  of  active  arcs  In  the  midnight  sector  (ref.  6).  For  obser¬ 
vers  on  the  ground  In  the  evening  sector  the  bulge  appears  on  the  eastward  end  of 
arcs  and  moves  quickly  toward  the  western  horizon.  Using  DMSP  satellite  Imagery  and 
electron  flux  measurements  Meng  and  coworkers  (ref.  7)  constructed  a  composite 
morphology  of  westward  travelling  surges  shown  In  Figure  1.  Bright  arcs  emanate  to 
the  west  (A)  and  to  the  east  from  the  equatorward  and  poleward  edges  of  the  bulge 
region,  respectively.  A  myriad  of  arc-like  structures  are  embedded  In  the  bulge 
region  (C),  while  nonuniform  diffuse  auroral  precipitation  (D)  Is  found  to  the  east 
of  the  bulge  and  equatorward  of  the  B  arc. 

Differential  spectra  typical  of  downcoming  electrons  In  the  vicinity  of  surges 
are  shown  on  the  left  side  of  Figure  1.  In  region  A,  to  the  west  (evening  side)  of 
the  bulge,  spectra  are  similar  to  those  measured  over  quiet-time  arcs.  However,  the 
"monoenergetlc  beams"  shift  to  higher  than  quiet-time  values.  This  Indicates  that 
stronger  field-aligned  potentials  occur  during  substorm  periods.  In  the  region  of 
the  poleward  arc  (region  B)  two  spectral  types  are  measured.  One  has  a  shape  similar 
to  that  found  In  the  diffuse  aurora  (D)  but  with  lower  mean  energy.  The  second 
spectral  type  Is  characterized  by  electrons  with  energies  of  100  eV  and  differential 
flux  levels  of  lQ^/cm2  sec  sr  keV.  The  spectral  shapes  Indicate  that  field-aligned 
accelerations  In  regions  B  and  D  are  not  significant.  Within  region  C  electron 
spectra  are  relatively  flat,  sometimes  out  to  the  high-energy,  measuring  limit  of 
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DMSP  spectrometers.  If,  as  suqgested  by  the  "worst-case"  study  of  SCATHA's  environ 
ment,(ref.  8),  severe  charging  most  strongly  correlates  with  fluxes  of  electrons 
with  energies  In  the  several  tens-of-keV  regime,  then  region  C  electrons  may  present 
the  most  severe  charging  environment  for  polar-orbiting  shuttles. 

Hazards  due  to  spacecraft  charging  of  large  space  structures  should  also  occur  In 
"Inverted-V"  events.  The  term  Inverted-V  was  first  used  to  describe  structures  that 
appear  In  energy-time  spectrograms  from  polar  orbiting  satellites  (ref.  3).  In  these 
structures  the  mean  energy  of  precipitating  electrons  rises  from  a  few  hundred  eV  to 
several  keV  then  returns  to  a  few  hundred  eV.  Often  the  electrons  have  Maxwellian 
distributions  characterized  by  a  mean  thermal  energy  E0  that  have  been  accelerated 
through  a  field-aligned  potential  drop  4k  (ref.  9).  In  traversing  the  Inverted-V, 

4k  Increases  to  some  maximum  value  then  decreases.  In  the  evening  sector  can 
rise  to  over  10  kV,  The  danger  posed  by  Inverted-V  precipitation  Is  more  ubiquitous 
than  westward  travelling  surges.  Lin  and  Hoffman  (ref.  2)  showed  that  Inverted-V 
events  occur  In  all  MLT  sectors  except  In  the  dayslde  auroral  gap  (ref.  10). 

To  date,  all  Investigations  of  Inverted-V  structures  report  no  measurable  fluxes  of 
precipitating  protons.  This  limitation  more  likely  reflects  on  the  sensitivity 
of  proton  detectors  rather  than  on  a  real  absence  of  proton  fluxes.  In  the  plasma 
sheet  protons  have  mean  thermal  energies  that  are  about  five  times  those  of  electrons. 
Some  protons  In  the  high  energy  tall  of  these  dlstrlutlons  should  be  sufficiently 
energetic  to  overcome  the  potential  barrier  and  reach  the  Ionosphere, 

Herein  lies  a  serious  verification  problem  for  modelers  of  low-earth  orbit  space¬ 
craft  charging.  It  Is  rather  easy  to  specify  the  "worst  charging  environment"  (ref. 
11).  However,  the  relatively  small  geometric  factors  on  positive  Ion  detectors  flown 
to  date  on  polar  satellites  have  not  allowed  us  to  use  the  straight-forward  methods 
used  at  geostationary  altitudes  (ref.  8)  for  measuring  satellite  potentials  In  excess 
of  a  few  volts.  In  only  one  case,  as  INJUN- 5  passed  through  an  Intense  Inverted-V, 
has  a  large  satellite  potential  been  measured  (ref.  12).  In  this  case  only  an  upper 
bound  of  -28 V  could  be  directly  assigned. 

The  purpose  of  this  report  Is  to  provide  Information  for  Interaction-modelers 
on  the  capabilities  of  a  new  generation  of  charged  particle  spectrometers  now  flown 
on  DMSP  (Defense  Meteorological  Satellite  Program)  satellites.  These  detectors, 
which  are  sensitive  to  downcoming,  positive  Ions  with  energies  greater  than  30  eV, 
allow  the  direct  measurements  of  satellite  potentials  less  than  -30V.  The  following 
section  describes  the  plasma  and  particle  Instrumentation  on  the  recently  launched 
DMSP/F6  satellite.  We  then  present  a  detailed  analysis  of  measurements  taken  as  the 
satellite  passed  through  an  Intense,  Inverted-V  structure  In  the  midnight  sector  on 
10  January  1983.  The  discussion  section  compares  observational  measurements  of  the 
satellite  potential  with  the  predictions  of  a  smal 1-oatel 1 1 te  charging  model. 


INSTRUMENTATION 


DMSP  satellites  are  three  axis  stabilized  and  fly  In  sun-synchronous,  circular 
polar  orbit  at  an  altitude  of  840  km.  Their  orbital  periods  and  Inclinations  are 
are  101  minutes  and  98,75°,  respectively.  DMSP/F6was  launched  In  late  December  1982 
Into  an  orbit  near  the  dawn-dusk  meridian  with  an  ascending  mode  of  0612  LT.  The  two 
sets  of  detectors  of  Interest  here  were  designed  to  monitor  variations  In  the  tooslde 
thermal  plasma  and  In  the  flux  of  precipitating  charged  particles. 
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The  thermal  plasma  detector  (ref.  13,  14),  known  as  the  Special  Sensor  for  Ions  and 
Electrons  (SSIE)  consists  of  a  spherical  Langmuir  probe  and  a  planar,  retarding 
potential  analyzer  (RPA).  The  Langmuir  probe  consists  of  a  1.75"  diameter  collector 
surrounded  by  a  concentric,  wire-mesh  grid  of  2.25"  diameter.  It  is  mounted  at  the 

end  of  a  2.5'  rigid  boom.  The  sensor  operates  in  2  modes.  In  the  first  inode  the 
grid  bias  is  held  at  a  fixed  level  determined  by  ground  command.  In  the  second  mode 
the  voltage  of  the  grid  with  respect  to  satellite  ground  is  swept  to  determine  the 
thermal  electron  density  and  temperature.  The  mode  2  voltage  sweep  occurs  every  64  s 
and  lasts  for  10  s.  To  ensure  that  all  electrons  passing  through  the  grid  are 
;ollected  the  collector  is  always  held  at  a  potential  of  20  V  above  that  of  the  grid. 

During  Mode  1  operations  on  10  January  1983  the  grid-bias  was  fixed  at  +7.8  V  with 
respect  to  the  spacecraft  frame  potential. 

The  thermal  Ion  detector  Is  a  retarding  potential  analyzer  (RPA)  that  consists  of 
a  collector,  a  supressor  grid,  a  swept  grid  and  an  aperture  grid.  The  aperture  grid 
is  circular  with  a  diameter  of  1.0".  This  sensor  Is  mounted  3/4  of  the  way  up  the 
2.5'  boom  with  an  outward  surface  normal  facing  in  the  direction  of  the  satellite 
velocity.  The  RPA  also  operates  in  two  nodes.  In  Mode  1  the  retarding  grid  is  fixed 
at  satellite  potential  plus  a  bias  potential  of  6.3V.  In  Mode  2  the  retarding  grid 
is  swept  from  -5  V  to  12  V,  every  64  s.  From  the  shapes  of  the  current-voltage 
characteristics  obtained  during  Mode  2  sweeps  it  is  possible  to  determine  the  Ion 
densities,  temperatures  and  relative  mass  concentrations.  Complete  descriptions  of 
the  SSIE  Instruments  and  the  methods  of  data  reduction  and  analysis  have  been  written 
by  Smlddy  and  co-workers  (ref.  13)  and  by  Rich  and  co-workers  (ref.  14), 

The  energetic  particle  detector  on  DMSP/F6  are  designed  to  measure  the  flux  of 
downcomlng  electrons  and  positive  ions  In  20  energy  channels,  logrlthmlcal ly  spaced 
between  30  eV  and  30  keV.  Both  the  electron  and  ion  detectors  consist  of  two  curved 
plate  electrostatic  analyzers.  The  aperatures  of  the  analyzers  always  face  toward 
local  vertical.  Thus,  at  auroral  and  polar-cap  latitudes  they  detect  precipitating 
rather  than  backscattered  or  trapped  particles.  One  set  of  an*l'”ers  covers  the 
energy  range  30  eV  to  1  keV  has  a  qeometric  factor  of  4  x  10-4  cm3_rr  for  electrons 
and  2  x  10“2  for  Ions.  In  both  cases  A  E/E  is  13%.  The  other  set  of  analyzers 
measures  the  flux  levels  over  the  1  to  30  keV  range.  The  geometric  factor  for  these 
electron  arid  Ion  detectors  is  I0-3  c.m2-sr  with  A  E/E  «  10 i  These  large  geometric 
factors  ensure  statistically  significant  count  rates  In  the  auroral  oval. 


OBSERVATIONS 


During  the  period  of  interest  on  10  January  1983,  DMSP  was  in  darkness  crossing  the 
midnight  sector  of  the  northern  auroral  oval  from  dawn  to  dusk.  Simultaneous 
measurements  from  the  Imager  on  F6  and  qround  magnetograms  are  not  available  at  this 
time.  In  general,  however,  the  period  may  be  characterized  as  one  of  magnetic 
quieting.  Although  Kp  was  2+  at  the  time  of  the  ov-  rpass,  10  January  was  the  most 
disturbed  day  of  the  month  with  l  Kp  =  39. 

Measurements  From  the  energetic,  electron  and  Ion  spectrometers  are  presented  in 
Figures  2  and  3,  respectively.  The  format  for  data  presentation  Is  the  same  In  both 
figures.  Plotted  as  functions  of  UT,  geomagnetic  latitude,  and  magnetic  local  time 
are  the  particle's  average  energies  (top  panel),  the  directional  energy  fluxes  (middle 
panel)  and  number  fluxes  (bottom  panel).  Attention  Is  directed  toward  the  one  minute 
interval  following  2045  (74700)  UT.  Beginning  at  2045  IJT  the  number  flux  (JTOT) 
rises  from  10^  to  4  x  10*  electrons/cirf  sec  sr  at  2045:22  UT.  In  the  next  20  sec 
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It  decreased  to  10^  electrons/cm^  sec  sr.  The  average  energy  of  the  pre¬ 
cipitating  electrons  increased  from  800  eV  to  7.5  keV  then  returned  to  800  eV, 
the  classic  signature  of  an  Inverted-V  structure.  The  flux  of  ions  reaching  the 
detector  also  increased  to  a  sharp  maximum  at  2045:22  UT.  However,  the  average 
energy  of  the  Ions  was  lowest  at  this  time.  This  signature  is  similar  to  that 
obtained  when  spacecraft  at  geosynchronous  orbit  undergo  charginq. 

Figures  4,  5  and  6  give  three  examples  of  measurements  from  the  energetic  electron 
and  ion  sensors  at  2045:17,  :22  and  :24  UT,  respectively.  Data  represented  as  elec¬ 
tron  and  ion  phase  space  densities  are  plotted  as  functions  of  energy  from  30  eV  to 
30  keV.  The  Insets  give  expanded  plots  of  ion  distribution  functions  in  the  energy 
range  30  to  200  eV.  In  all  three  cases  the  electron  distributions  show  low-energy 
or  suprathermal  components.  The  fact  that  the  energetic  components  of  the  electron 
distributions  are  not  monotonlcally  decreasing  In  energy  Is  consistent  with  the 
primary  electrons  having  been  electrostatically  accelerated  in  some  attitude  range 
above  the  satellite.  Electrons  with  energies  below  the  peak  In  the  distribution 
functions  are  energy-degraded  primaries  that  are  trapped  below  the  electrostatic 
barrier.  The  primary-electron  distributions  are  non-Maxwel  1  tan,  containing  high 
energy  tails. 

The  ion  distribution  functions  also  contain  both  energetic  and  suprathermal  com¬ 
ponents.  In  the  case  of  the  Ion  measurement  at  2045:22  UT  the  energetic  component 
has  a  Maxwellian  distribution  out  to  30  keV.  Using  the  Liouvllle  theorem  and  assum¬ 
ing  an  isotropic  distribution  function  in  the  magnetosphere  we  find  that  for  charge 
neutrality  to  prevail  in  the  parent  populations,  the  field-aligned  potential  drop 
above  the  auroral  ionosphere  1 s  ~  8  kV.  We  note  that  this  is  consistent  with  the 
measured  distribution  where  the  actual  peak  must  lie  between  the  energy  channels 
centered  at  6.46  and  9.48  keV. 

At  20:45:22  and  :24  UT  the  suprathermal  ions  have  non-monotonic  distributions.  The 
peaks  in  the  energy  channels  centered  at  65  and  44  eV  suggest  that  ions  measured  in 
these  channels  are  ionospheric  particles  that  have  been  accelerated  by  satellite 
potentials  of  -65  and  -44  V,  respectively.  The  fact  that  ion  counts  are  recorded  in 
energy  channels  less  than  at  the  peak  in  the  distribution  ■'s  consistent  with  the 
finite  spread  in  the  energy-acceptance  of  the  unsor'r*  en  rgy  channels.  Recall  that 
to  assure  high  count  rates  the  geometric  factor  of  the  low-energy  ion  detector  was 
made  large.  The  only  other  possible  source  of  ions  in  these  energy  ranges  at  DMSP's 
altitude  are  the  so-called  ion  conics  (ref.  15).  These  3re  thermal  ions  that  are 
accelerated  perpendicular  to  magnetic  field  lines  through  resonant  interactions  with 
lower-hybrid  or  ion-cyclotron  electrostatic  waves.  Such  cannot  be  the  case  here  since 
the  ion  detector  is  looking  almost  along,  rather  than  across,  the  magnetic  field. 

Note  that  (;ne  negative  potentials  of  several  tens  of  volts  represent  the  potentials 
of  the  dielectric  surfaces  in  the  vici'ity  of  the  ion-detector's  aperture  rather 
than  the  potential  of  tha  satellite's  frame. 

Further  Information  concerning  the  environment  in  which  the  charging  of  DMSP/F6 
occurred  can  be  qained  from  thermal  probe  measurements.  Figure  7  gives  the 
"densities"  of  thermal  electrons  and  ions  measured  during  Mode  1  operations.  In 
this  representation  data  taken  while  sensor  grids  were  being  swept  in  voltage  (Mode  2) 
are  suppressed.  The  grid  on  the  spherical  Langmuir  probe  was  biased  at  7.8  V  with 
respect  to  the  satellite  frame.  Thus,  in  Mode  1  the  electron  sensor  is  operating 
in  the  accelerating  mode.  This  leads  to  overestimates  of  the  ambient  electron  densi¬ 
ties.  In  regions  where  both  sensors  vary  in  the  same  sense  the  measurements  accurate¬ 
ly  measure  relative  density  fluctuations,  in  regions  where  the  measurements  vary  in 
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opposite  senses  the  variations  are  mostly  due  to  satellite  potential  fluctuations. 
Absolute  values  of  the  plasma  density  are  obtained  throuqh  analyses  of  Mode  2  current 
-voltage  sweeps.  Figure  7  shows  that  In  the  period  following  2045  UT  the  current 
reaching  the  thermal  electron  probe  decreased  by  more  than  four  orders  of  magnitude, 
consistent  with  a  strongly  negative  vehicle  potential.  The  thermal  Ion  current 
Increased  by  a  factor  of  2, 

In  the  Immediate  vicinity  of  the  charging  event  Mode  2  sweeps  cannot  be  used  to 
determine  the  plasma  temperature  and  composition.  The  last  Mode  2  sweep,  taken 
equatorward  of  the  event  and  before  vehicle  potential  fluctuations  make  results 
of  Langnulre  probe  analysis  questionable,  occurred  at  2043:26  UT.  This  sweep  showed 
a  total  plasma  density  of  ~  lO^cm"’.  The  Ion  composition  was  mostly  0+.  The  Ion 
and  electron  temperatures  were  ~  1200°  and  4000°K,  respectively.  The  following 
sweep,  beginning  at  2044:30  UT  showed  signs  of  a  significant  light  Ion  contribution. 
It  should  be  noted  that  other  measurements  in  the  diffuse  auroral  region  show 
large,  even  dominant  light  Ion  mixtures.  The  light  Ion  that  best  fit  the  measured 
current-voltage  characteristics  was  He*.  Close  to  the  event  the  current  character¬ 
istics  also  showed  signs  of  a  light-ion  component.  However,  rapid  fluctuations  of 
the  satellite  potential  do  not  allow  quantltlfication  of  this  observation. 


discussion 


In  modelling  the  DMSP  charging  event  described  in  the  previous  section  two  con¬ 
ditions  should  bo  kept  In  mind.  First,  the  event  occurred  while  the  satellite  was 
In  darkness.  Thus,  photoemission  currents  from  the  vehicle  can  be  Ignored.  Second, 
the  surfaces  of  DMSP  satellites  are  almost  entirely  made  up  of  dielectric  materials. 
The  potential  drop  Vs  experienced  by  positive  Ions  reaching  the  electrostatic  analyzer 
should  be  that  required  for  local  current  balance  near  that  sensor's  aperture.  For 
the  sake  of  simplicity  we  model  the  satellite  as  a  sphere  whose  surface  material  Is 
kapton.  The  satellite  moves  at  a  speed  of  7.4  km/s  through  the  combined  Ionospheric 
and  auroral  plasmas. 

The  local  current  balance  condition  can  be  written  In  the  form: 

1  (v)  3  -JeM  *  JlM  +  Je2  *  JeB  *  Je1  *  Jil  3  0 

The  terms  J6m  and  represent  currents  due  to  energetic  electrons  and  Ions  of 
magnetospherlc  origin,  respectively.  The  energetic  electrons  include  both  primaries 
and  energy  degraded  primaries.  The  terms  Je?,  and  Je^  refer  to  currents 
generated  by:  (1)  secondary  electrons  resulting  from  energetic  electrons  Impacting 
the  satellite,  (2)  backscattered  energetic  electrons,  and  (3)  secondary  electrons  due 
to  Impacting  Ions,  respectively.  Currents  resulting  from  Impacting  Ionospheric  Ions 
are  represented  by  J^j, 

If  we  assume  that  the  auroral  electrons  are  well  approximated  by  an  isotropic 
distribution  function  f-n(E)  then  the  total  currents  to  the  satellite  directly 
attributable  to  energetic  electrons  has  the  form 

(2)  Je  ■  0eo 

where  Jeo  a  -J6m  +  +•  JeBl  vs  the  satellite  potential  and  q  is  the  elementary 

(negative)  unit  of  cnarge  and  kT-  =  2/3  <  E  >.  Here  <  E  >,  the  mean  thermal  energy 
of  the  energetic  electrons  Is  5,45  keV,  Finally, 


114 


(3)  Jeo  E  feM  (E)  [  1  -  A2(E,  *)  -  A„(E,  ♦)  ] 

n  0  0 

•  Co  s  ^  SI  n  <|;  d  d  E 

Is  the  total  current  due  to  energetic  electrons  if  the  satellite  were  at 
plasma  potential.  The  functions  of  energy  and  angle  i|>  from  normal 
Incidence,  for  secondary  [a2  (E,<|>)]  and  backscattered  [  A  B  (E,i|»)] 
electrons  are  given  by  Laframbolse  and  co-workers  (ref  16). 

The  current  due  to  impacting  Ions  can  be  represented  In  the  form 

(4)  j,  -  j1o  <i  *  77s) 

'  1 

where  kT-j  Is  the  mean  thermal  energy  of  the  iragnetospheric  ions.  Jj0 
represents  the  sum  of  +  Jei  if  the  satellite  were  at  plasma  potential 

«  it/  2 

(5)  Jlo  ■  4  n2  e  /  /  E  f1M  (E)  [  1  +  A  el  (E,  *)  3 

Hi  o  o 

Cos  4>  SI n  ip  d  t|> 

f^<l  (E)  Is  the  distribution  function  of  magnetospheric  Ions  in  the  vicinity  of  the 
satellite.  A  (E ,  \|i )  is  the  secondary  electron  conversion  factor  (ref  16). 

Values  of  deo  and  J.j0  in  equations  (3)  and  (5)  were  solved  by  numerical  integration 
using  the  energetic  electron  and  ion  distribution  functions  measured  at  2045:  22  UT. 
Setting  Vo  equal  to  -65  V  in  equations  (2)  and  (4)  and  adding  we  calculate  that  in 
the  vicinity  of  the  ion  sensor  there  is  a  current  of  6.33  pA/m2  flowing  away 
from  the  satellite.  From  equation  (1)  we  see  that  this  must  be  balanced  by  the 
thermal  Ion  current  J i i  to  the  vehicle. 

The  current  to  the  satellite  due  to  ionospheric  Ions  Is  given  by  a  sum,  over 
ion  species  a 

(6)  ^11  "  N0e  I  T  0  (b a  ,  0 ) 

a 

where  N0  Is  the  total  ion  density,  U  Sat  Is  the  satellite  speed,  0  is  the  angle 
with  respect  to  the  ram  direction,  b  a  is  the  Mach  number  of  the  a  species 
[1/2  M  a Vs/kTe]  1/2 ,  Based  on  satellite  measurements  in  the  ionosphere, 

Gurevich  and  co-workers  (ref.  17)  derived  an  expression  for  the  angular  term 


(7)  r  fb  e)  -  H«  [  1  +  erf  (ba  Cos  *0  Cos  e  ] 
a  a  n0  T  +  oF?TEa  ?os  «.0) 


where  erf  (x)  represents  the  standard  error  function.  ♦  0  is  the  complement  of 
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the  Mach  angle.  With  11$^  ■  7,4  km/s  and  Te  3  4000°  K  we  calculate  values  of 
6  =■  71°  for  an  0+  plasna  and  55°  for  an  He+  plasma.  Note  that  for  0  -  0° 
l  Ta-  1  and  the  current  N0e  Usa^  Is  the  ram  current.  For  a  plasma  density 

£  of  104cm“3the  ram  current  Is  11.8  pA/m2  .  Thus,  to  balance  a  current 
or  6.33  pA/m2,  l  ra  (90°)  must  equal  0,  536, 
a 

Figure  8  Is  a  plot  of  }’  ra(90°)  plotted  as  a  function  of  the  fraction  of  He+ 

a 

present  In  the  Ionospheric  plasma.  The  horizontal  line  at  0,536  represents  the 

value  of  l  ra  (90°)  required  to  balance  the  auroral  current  with  Vs  »  -65  V 
a 

on  the  top  surface  of  the  satellite.  The  solutions  are  not  unique.  As  expected  the 
$  0  ■  55°  condition  Is  satisfied  only  for  a  pure  He+  plasma.  Higher  values  of 
4>  q  require  less  He  . 

It  Is  Interesting  to  now  use  this  model  to  estimate  the  surface  potential  in  the 
wake  region  of  a  small  satellite  like  DMSP.  To  do  this  we  first  choose  a  value 
of  ♦  o  which  gives  a  solution  to  Vs  *  -  65V  at  0-  90°.  This  Is  equivalent  to 
some  mixture  of  He+  and  0+.  With  this  we  next  solve  equation  (6)  for  the  Ionospheric 
Ion  current  at  any  location  on  the  satellite.  The  final  step  Is  to  solve  equations 
(2)  and  (4)  for  the  potential  Vs  that  gives  an  I (V )  ■  0  solution  to  equation  (1). 

Figure  9  demonstrates  the  results  of  this  procedure.  Here  we  have  chosen  the 
value  <j>  0  ■  60°.  From  Figure  8  we  see  that  this  corresponds  to  a  case  with  Nue+/NQ 
■  0.63.  On  the  ram  side  of  the  vehicle  the  potential  Is  slightly  positive.  As  we 
go  away  from  90°  Into  the  wake  direction  the  model  predicts  that  the  surface  poten¬ 
tial  rises  quickly  and  saturates  at  a  value  of  ~1  kV.  We  have  examined  the  model 
predictions  for  other  values  of  <p  0  In  the  range  55°  to  70°  and  found  that  within 
a  few  percent  the  results  are  Insensitive  to  these  variations. 
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1.  The  morphology  of  auroral  luminosity  and  precipitating  electron  spectra  In 
the  vicinity  of  westward  travelling  surges. 
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2.  Average  energy,  directional  energy  flux  and  directional  number  flux  of 
prlclpltatlng  electrons  measured  during  0HSP/F6  northern  auroral  pass  of 
10  January  1983, 
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3.  Average  energy,  directional  energy  flux  and  directional  number  flux  of 
downcomlnc  Ions  measured  during  OHSP/FS  northern  auroral  pass  of  10  January 
1983. 
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4.  Distribution  functions  of  downcosing  electrons  and  ions  with  energies 
between  30eV  and  30  Xe¥  detected  at  2045:17  UT  of  10  January  1983. 
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5.  Distribution  functions  at  2045:22  UT  In  same  format  as  Figure  4.  The 
Inset  expansion  of  the  low  energy  portion  of  Ion  distribution  function  shows  a 
charging  peak  at  6  5  eV. 
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6.  Distribution  functions  at  2045:24  UT,  In  same  format  as  Figure  4.  Here  the 
charging  peak  Is  at  44  eV. 
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7.  Mode  I  currents  to  the  thermal  electron  and  Ion  sensors  during  the 
northern  auroral  pass  of  10  January.  The  "densities"  calculated  from  these 
currents  assume  that  the  grids  are  at  plasma  potential  and  are  overestimates 
In  both  cases. 
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8.  Plot  of  r,  with  Oset  equal  to  90°,  as  a  function  of  for 

several  values  of  4>  Q.  The  line  at  0.  536  represents  the  value  of  r  required  for 
current  balance  with  V $  -  -  65  V  on  the  top  surface  of  DMSP. 
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CHARGING  OF  DMSP/F6  SPACECRAFT  IN  AURORA  ON  10  JANUARY  1983 


Arthur  L.  Besse,  Allen  G.  Rubin,  and  David  A.  Hardy 
Air  Force  Geophysics  Laboratory 
Hanscom  Air  Force  Base,  Massachusetts  01731 


Two  independent  instruments  on  the  spacecraft  showed  charging  to  a 
moderate  (44  volts)  negative  potential..  The  electron  spectrometer 
showed  a  flux  of  2  X  1(P  electrons  (cn-^ sec'^ ster-^ )  peaked  at  9.5  keV. 

This  was  marginally  sufficient  to  overcome  the  flux  of  cold  ambient 
ions.  Charging  calculations  are  presented  showing  where  sinpl ications 
are  justified  and  where  serious  uncertainties  exist.  More  serious  charging 
is  predicted  for  the  Shuttle  in  polar  orbit. 


INTRODUCTION 


Spacecraft  charging  has  been  widely  observed  in  geosynchronous  orbit 
on  the  ATS-5  and  ATS -6  pair  and  on  the  SCATHA  spacecraft  (ref  1  &  2). 

An  adeguate  theory  for  explaining  the  observations  exist.  Neither  the 
data  or  theory  can  be  exported  to  low  polar  orbit  and  its  drastically 
different  environment.  This  paper  gives  evidence  of  charging  on  the  DMSP 
F<5  spacecraft  (see  ref  3  for  Instrumentation).  A  simple  model  is  set  up 
explaining  the  observations. 


BRIEF  THEORY  OF  SPACECRAFT  IN  THE  AURORA 


The  cold  ambient  electrons  can  charge  a  spacecraft  to  a  few  volts 
negative  at  most.  More  severe  charging  occurs  in  the  earth's  shadow  when 
the  energetic  (over  a  kilovolt)  precipitating  electron  current  exceeds 
the  ran  ion  current.  ,,-G-hcirglnq  continues  until  an  increase  in  ram  ion 
current  and/or  a  decrease  In  precipitating  electron  current  produces  a 
zero  net  current. 

In  the  absence  of  plasma  shielding,  the  ram  ion  current  increases 
rapidly  with  increasingly  negative  potentials.  This  typically  limits 
charqing  to  tens  of  volts  negative.  In  the  presence  of  intense  plasma 
shieling  (electrostatic  or  magnetic)  the  ram  ion  current  does  not  respond 
to  negative  potentials.  Charqinq  then  proceeds  to  much  higher  negative 
potentials  until  a  slowly  decreasing  precipitating  electron  current  brings 
about  a  current  balance.  Calculations  indicate  possible  potentials  of 
several  kilovolts.  Below  some  size  plasma  shielding  is  negligible  and 
above  some  size  it  nominates.  There  exists  no  commonly  accepted  way  of 
calculating  these  sizes. 

A  knowledge  of  the  relative  velocities  and  densities  of  the  various 
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particles  is  essential  to  tne  understanding  of  auroral  charginq.  Typical 
values  arranged  In  order  of  Increasing  velocity  are: 

Ambient  oxygen  ion:  v  ■»  1*5  X  10^  cn/sec;  N  -  1  X  10^  cm~3 

Spacecraft:  v  =  8  X  10^  cm/sec 

Ambient  electron:  v  =  3  X  10 7  cn/sec ;  N  *  1  X  10^  crr^ 

Precipitating  electrons:  v  =  6  X  109cn/sec;  N  -  1  cn“3 

Also  essential  is  a  knowledge  of  the  various  time  scales  involved. 

Typical  values  arranged  in  order  of  increasing  time  are. 

Charging  response:  0.01  Seconds 

Aurora,  fine  structure:  0.1  Seconds 

Instrument  response:  1  Seconds 

Aurora,  coarse  structure:  10  Seconds 

The  value  for  charginq  response  applies  to  the  ma<n  frame.  Thin  di¬ 
electric  coatings  may  charqe  differentially  with  very  much  longer 
response  times.  The  aurora  time  scale  Is  in  the  spacecraft's  frame  of 
reference  and  is  due  primarily  to  spatial  variations  in  the  aurora. 


DETECTION  OF  SPACECRAFT  CHARGING 


Charging  was  detected  by  an  ion  spectrometer  sen  si  r,  4  acceleration  of 
the  ram  ions  to  30  volts  or  more  and  by  a  probe  sensing  the  deceleration 
of  ambient  electrons.  Charginq  to  negative  potentials  less  than  30  volts 
was  detected  by  the  probe  alone. 

The  accelerated  ions  appeared  as  an  intense  narrow  band  never 
occupying  mere  than  one  energy  channel.  This  is  as  predicted  by  theory. 
However,  the  spectrum  was  not  void  below  the  intense  band  as  predicted  by 
theory  and  observed  on  geosynchronous  spacecraft. 


THE  CHARGING  EPISODE 


The  probe  indicated  charqing  starting  at  74701  seconds  IJT  and  ending 
at  74737  IJT,  with  a  very  brief  drop  out  at  74705.  The  start,  drop  out, 
and  end  of  charging  accompanied  large  abrupt  changes  in  electron  flux, 
particularly  in  the  4.4  keV  channel.  The  ion  spectrometer  indicated 
charqing  to  potentials  of  30  to  65  volts  negative  for  a  portion  of  this 
period,  namely  from  747P1  IJT  to  74731  IJT.  The  evidence  that  charginq 
to  these  levels  actually  occurred  appears  to  be  conclusive. 


PRECIPITATING  ELECTRON  SPECTRA 


Five  representative  tine  Intervals,  each  lasting  from  three  to  five 
seconds,  were  chosen  for  study.  Within  each  tine  period  the  spectra 
remained  relatively  constant.  The  electron  spectra  were  averaged  over 
each  interval.  The  average  spacecraft  potential  was  determined  by  probe 
and  ion  spectrometer  data.  When  the  charqing  was  insufficient  to  show 
up  on  the  ion  spectrometer  but  showed  strongly  on  the  probe,  a  value  of  10 
volts  was  assiqned.  The  five  spectra  are  shown  in  figure  1.  The  starting 
tines  from  A  to  E  were  respectively:  74697,  74708,  74712,  74722,  and 
74729.  Durations  were  respectively  4,  3,  5,  4  and  3  seconds.  Average 
fluxes  and  potentials  are  given  in  the  fiqure.  The  fluxes  include  only 
five  channels  from  3.0  to  13.9  kilovolts  for  reasons  to  be  discussed 
later. 

The  fiqure  shows  both  broad  spectra  and  narrow  "Inverted  V"  spectra. 
The  actual  shape  of  the  "Inverted  V"  spectrum  is  unresolved,  it  could  be 
much  narrower  and  more  Intense  than  shown.  The  electron  spectrometer  Is 
not  designed  for  accurate  flux  measurements  when  the  spectrum  is  very 
narrow,  therefore,  the  flux  indicated  in  the  figure  for  the  "Inverted  V" 
may  be  in  error. 

We  authors  postulate  an  accelerating  electric  field  that  is  sometimes 
hi qh  above  the  spacecraft  and  sometimes  close  above  the  spacecraft.  In 
the  former  case,  but  not  in  the  latter,  there  should  be  strong  collisional 
broadening  of  both  the  energy  and  the  pitch  angle  distribution. 


CHARGING  CALCULATIONS 


Five  first  order  approximations  will  be  marie.  They  are: 

1)  A  spherical  spacecraft  with  a  conducting  and  hence  equi potential 

surface. 

2)  Zero  ambient  electron  temperature.  The  energy  of  these  particles 
in  either  the  plasma  frame  of  reference  or  in  the  spacecraft  frame  of  refer¬ 
ence  was  much  smaller  than  the  measured  potentials. 

3)  Infinite  precipitation  electron  temperature.  The  energy  of 
these  particles  was  very  larqe  compared  to  the  measured  potentials. 

4)  Precipi tatinq  electron  flux  equal  to  that  measured  in  the  3  to 
14  keV  enerq.y  ranqe.  Fluxes  at  higher  energies  were  very  low.  Fluxes  at 
lower  energies  were  snail  and  were  largely  off'et  by  secondary  electrons. 
Secondaries  were  not  Included  in  the  calcul ations.  The  flux  is  treated 

as  Isotropic  within  some  field  aligned  solid  anqle  and  zero  elsewhere. 

5)  Ambient  ion  tenperature  equal  to  the  drift  energy  of  an  ion  in 
the  spacecraft  frame  of  reference.  This  energy  is  large  compared  to  the 
thermal  energy.  Probe  theory  assumes  that  the  total  particle  energy 
(kinetic  plus  potential)  is  independent  of  position.  This  assumption  is 
valid  in  and  only  in  the  spacecraft  frame  of  reference.  The  ambient  ions 
are  predominantly  singly  ionized  atomic  oxygen. 
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The  first  four  approximations  simplify  calculation  of  the  electron 
current  to  the  negatively  charqed  spacecraft.  The  "zero  temperature" 
ambient  electrons  are  repelled  and  do  not  reach  the  spacecraft.  The 
"Infinite  temperature"  precipitatinq  electron  current  is  independent  of  the 
spacecraft  potential.  Secondary  electrons  are  adequately  allowed  for  by 
discardinq  the  low  end  of  the  spectrum  and  need  not  appear  explicitly  in 
the  calculations.  With  these  considerations,  the  electron  current  to  the 
spacecraft  becomes 

Ie  -  -e  J  S  (  it  R2)  (1) 

where  It  *  electron  current 

e  ■  elemental  charqe 

J  »  precipitatinq  electron  flux  per  steradlan  in  3  to  14  keV 

channel s 

S  u  solid  anqle  of  precipitatinq  electrons 

R  ■  spacecraft  radius 

{  *  R2)  «  spacecraft  electron  collision  cross  section. 

The  first  and  fifth  approximations  simplify  calculation  of  the  ion 
current  to  the  spacecraft.  Spherical  probe  theory  qives  the  ion  current 
in  the  long  Debye  lenqth  limit  as: 

I1  »  e  v  N  [{  *  R2) ji  +  Ztv'j]  s  evNA;  -eV>n  (2) 

where  I|  »  Ion  current 

v  »  ion  drift  velocity 

N  «  ion  density  ■  lxifr  cm'3 

V  »  spacecraft  potential 

T  *  temperature  associated  with  ion  drift  velocity  ■  5ev 
A  ■  spacecraft  ion  collision  cross  section. 

When  the  Debye  lenqtb  is  not  lonq  compared  to  the  probe  radius,  a  sheath 
containing  a  net  positive  charqe  forms  around  the  probe.  The  charqe  In 
the  sheath  shields  ambient  ions  outside  the  sheath  from  the  probe's  elec¬ 
tric  field,  thereby  reduciriq  the  number  attracted  to  the  probe.  The 
shieldinq  effect  may  be  incorporated  In  equation  (2)  by  multiplying  the 
potential  by  a  shieldinq  factor  K  less  than  unity.  This  factor  Is  a 
function  of  potential  and  generally  does  not  appear  explicitly  In  probe 
theories.  It  nay  also  be  a  function  of  the  ion  angular  distribution 
(in  this  case  almost  mono-directional  in  the  spacecraft  frame  of  reference). 

At  equilibrium  potential  the  absolute  values  of  electron  and  ion 
currents  are  equal.  This  leads  to  the  equilibrium  equation 

JS  ■  v*  N*  (1+k  zSl)i  eV  <  0,  k  <  1 

T  (3) 

where  k  =  shieldinq  factor. 

The  unknowns  in  this  equation  are  the  electron  solid  anqle  S  and  the  ion 
shieldinq  factor  k.  These  unknowns  were  evaluated  from  the  data  in  figure 
(1 )  and  from  other  measurements.  The  solid  anqle  is  determined  from 
equation  (3)  usinq  the  threshold  flux  required  for  charqinq.  The  data 
consistently  yields  a  narrower  solid  anqle  for  inverted  "V"  spectra  than 
for  hroad  spectra.  The  shielding  factor  was  determined  by  the  electron 
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flux  associated  with  a  potential  of  -44  volts.  This  flux  was  approximately 
four  tines  qreater  than  the  threshold  flux.  The  results  of  the  evaluations 
were 

S  «  w  ,  Inverted  "V"  spectra 
S  «  2  w  ,  broad  spectra 
k  «  1/2. 

These  results  should  be  regarded  with  caution.  The  data  Is  not  conclusive 
due  In  part  to  an  environment  whose  rate  of  change  Is  fast  compared  to  the 
sampling  rate  of  the  Instruments  -  probably  fast  compared  to  any  practical 
sampllnq  rate. 

The  value  given  above  for  the  shielding  factor  Is  substantially  less 
than  unity.  If  true,  this  has  serious  Implications.  It  means  that  the  DMSP 
spacecraft  are  already  of  a  size  where  space  charge  in  the  sheath  acts  to 
Increase  the  magnitude  of  charqlnq  potentials  and  that  any  larqer  spacecraft 
such  as  the  Shuttle,  will  charge  to  hlqher  potentials,  other  factors  being 
equal. 
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gure  1.  -  Five  precipitating  electron  spectra.  (The  flux  associated 
with  each  spectra  Is  listed  In  the  upper  right  corner  along  with  the 
corresponding  spacecraft  potential.) 
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The  precipitation  electrons  In  the  auroral  environment  are  hlqhly  vari¬ 
able  In  their  nnerqy  and  Intensity  In  both  space  and  tine.  As  such  they  are 
a  source  of  potential  hazard  to  the  operation  of  the  Space  Shuttle  and  other 
larne  spacecraft  operation  in  polar  orhlt.  In  order  to  assess  these  hazards 
both  the  averaqe  and  extreme  states  of  the  precipitating  electrons  must  be 
determined.  In  this  paper  we  present  work  aimed  at  such  a  specification. 

In  the  first  half  of  the  paper  we  present  results  of  a  qlobal  study  of  the 
average  characteristics.  In  this  study  the  high  latitude  reqlon  was  divided 
Into  spatial  elements  In  magnetic  local  time  and  corrected  qeomagnetlc  lati¬ 
tude.  The  averaqe  electron  spectrum  was  then  determined  In  each  spatial 
element,  for  seven  different  levels  of  activity  as  measured  by  Kp  using  an 
extremely  large  data  set  of  auroral  observations.  In  the  second  half  of  the 
paper  we  present  a  case  stuny  of  an  extreme  auroral  electron  environment  In 
which  the  electrons  are  accelerated  throuqh  a  field  aligned  potential  as 
high  as  10,000  volts  and  In  which  the  spacecraft  is  seen  to  charqe  nega¬ 
tively  to  a  potential  approaching  ,5  kilovolts. 

INSTRUMENTATION 

The  data  used  for  this  analysis  were  from  the  SSJ/3  detectors  on  the  F2 
and  F4  satellites  and  the  SSJ/4  detector  on  the  FA  satellite  of  the  Oefense 
Meteorological  Satellite  Program  as  well  as  the  0PL-251  experiment  on  the 
P7R-1  satellite  of  the  Space  Test  Proqram,  The  SSJ/3  detectors  consisted  of  a 
set  of  two  curved  olate  electrostatic  analyzers  capable  of  measurlnq  the  flux 
of  precipitating  electrons  In  1A  energy  channels  between  50eV  and  20,000  eV. 
The  SSU/4  detector  consists  of  a  set  of  four  curved  olate  electrostatic 
analyzers  that  measure  both  electrons  and  Ions  In  ?o  energy  channels  each, 
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In  the  energy  ranqe  from  30  eV  to  30000  eV.  Both  the  SSJ/3  and  SSJ/4 
detectors  return  a  full  spectrum  over  all  enerqy  channels  once  per  second 
and  all  detectors  are  oriented  on  the  spacecraft  such  that  they  look  towards 
the  local  zenith.  The  COL  2*1  experiment  consists  of  two  SSJ/3  detectors 
mounted  at  rlqht  anqles  with  their  look  directions  In  the  spin  olane  of  the 
satellite,  Fach  detector  returns  4,  16  point  spectra  each  second.  The 
satellite  has  a  spin  rate  of  approximately  11  RPH  with  the  spin  plane  In  the 
orbit  plane  of  the  satellite. 

All  the  satellites  were  launched  Into  circular  sun  synchronous  orbits. 

The  F?  satellite's  orbit  plane  was  Initially  In  the  dawn-dusk  meridian  hut 
precessed  towards  the  08.30-2030  MLT  meridian  durinq  the  satellite's  lifetime. 
The  period  for  which  data  are  available,  the  altitude  of  the  orbit,  and  the 
orbital  plane  are  listed  In  Table  1, 

The  nnsp  sensors  are  operated  continuously  and  approximately  &)%  of  the  data 
were  available  for  this  study.  For  the  P78-1  approximately  1000  polar  passes 
were  available  from  1070.  For  the  determination  of  the  averaqe  character¬ 
istics,  the  F?,  F4,  and  P7M  data  were  used.  The  worst  case  study  was 
performed  uslnq  the  Ffi  data  since  these  data  cover  a  wider  ranqe  In  enerqy. 

AVERAGE  CHARACTERISTICS 

Historically,  there  have  been  two  approaches  to  qlobal  specification  of 
the  averaqe  characteristics  of  auroral  precipitation.  In  the  first  of  these 
the  researcher  builds  up  a  qlohal  or  local  time  picture  uslnq  a  set  of  Indi¬ 
vidual  passes  each  studied  In  detail  (ref  1  A  2).  The  advantaqe  of  such  an 
approach  Is  that  all  the  details  of  each  pass  are  considered  In  creatlnq  an 
overall  picture.  The  ma.lor  dlsadvantaqe  In  such  studies  Is  that  In  order  to 
keep  both  the  analysis  and  data  presentation  manaqeable  the  researcher  must 
restrict  the  total  number  of  passes  studied  either  by  spaclnq  them  widely  In 
maonetlc  local  time  or  In  activity.  In  the  second  approach  the  researcher 
builds  up  his  qlobal  picture  by  dlvldlnq  the  reqlon  of  Interest  into  zones 
In  maonetlc  local  tine,  qeomaqnetlc  latitude  and  activity  hr  then  uses  very 
iarqe  data  sets  to  determine  the  averane  value  of  the  quantity  of  interest 
In  each  zone  (ref  3  throunh  o).  This  approach  has  the  advantaqe  of  provldlnq 
real  qlobal  naps.  It's  ma.lor  dlsadvantaqe  Is  that  In  the  averaqlnq  process 
ail  small  ipatlal  and  temporal  variations  are  smoothed  out,  of  necessity. 

The  mincer  of  such  studies  done  In  the  past  has  additionally  been  restricted 
by  the  fact  thot  they  require  very  Iarqe  dat*  sets  (millions  of  samples)  and 
they  require  slqnlflcant.  amounts  of  computer  time. 

In  this  study  we  have  taken  the  second  of  these  two  approaches  uslnq  the 
data  set  from  Identical  electrostatic  analyzers  flown  on  three  Air  Force  sat¬ 
ellites.  We  divided  the  hlqh  latitude  reqlon  Into  zones  in  maqnetlc  local 
time  and  corrected  qeomaqnetlc  latitude.  In  "IT  the  divisions  were  4R  one 
half  hour  sections.  In  latitude  there  were  30  divisions  at  ?.°  Increment 
between  50  and  60  deqrees,  1°  Increments  het».aen  60  and  BO  deqrees,  and  P° 
Increments  from  80  to  80  deqrees.  Seven  such  matrices  were  created,  one  for 
the  Kp  ■  0,  o+  cases,  one  for  Kn  ■  1-,  1,  1+  cases  and  so  on  up  to  Kp  5-,  5, 
5+.  The  last  matrix  Included  all  cases  qreater  than  Kp  »  6-,  Fifteen  months 
of  data  were  used  from  the  F-2  and  F-4  satellites.  The  fifteen  months  were 
chosen  to  qlve  an  even  distribution  of  the  data  over  the  seasons  of  the  year 
and  to  orovlde  sufficient  coveraqe  at  hlqh  activity.  Altoqether  the  15  months 
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of  data  provided  13.6  million  spectra.  All  orbits  of  the  P7R-1  satellite  In 
the  Interval  from  February  1979  to  .anuary  198(1  were  used.  This  comprised 
approximately  .8 2  million  additional  spectra*  The  14.1  million  spectra 
mere  divided  amo  l  the  7  levels  of  Kp  as  follows;  Kp  ■  0,  7. B5%;  Kp  ■  1, 
23.82;  Kp-2.  28. 9*.  Kp  -  3,  21. 9*;  Kp  »  4.  10.5%;  Kp  -  5,  5.3*;  Kp  >  6-, 

3.5*.  In  each  zone  the  averaqe  and  standard  deviation  of  the  differential 
number  flux  for  each  of  the  16  enerqy  channels  of  the  detector  was  calculated 
uslnq  all  spectra  that  fell  within  that  zone.  The  final  product  Is  therefore 
the  average  spectrum  In  each  rone  at  each  level  of  activity. 

From  the  averaqe  spectra  we  calculated  Integral  quantities  over  the 
entire  enerqy  range  of  the  average  enerqy  spectrum.  The  three  quantities 
calculated  were  the  Integral  number  flux  In  units  of  e/crr-sec-ster  defined 
as: 

JTtlT  -  j(EO  (E2  -  Ei)  ♦  l  JtEQtiui  -  E<,i)  +  j  (Elft)  (E16  -  Fis) 

1*2  Z 


The  Integral  enerqy  flux  In  units  of  keV/cm^-sec-ster  defined  as: 

15 

JETflT  -  Ei  .1(Ei)  (E2  -  Ei)  ♦  j  j(Ei)  J(EiHEui)  ■  Ei.i^  + 

1*2  z 


e16.1  (e16)  (*16  -  E15) 
and  the  average  enerqy 

EAVE  -  JETOT/JTOT 

where 

j(E^)  *  the  averaqe  differential  flux 
In  the  1th  enerqy  channel 

Ef  ■  the  central  enerqy  of  the  1th  channel 

These  three  quantities  are  displayed  as  Isocontour  maps  In  Figures  la-d, 
2a-d,  and  3a-d  where  we  have  plotted  tht  Kp  ■  0,  2,  4,  and  6  cases.  Tho 
discussion  of  these  maps  Is  In  two  sub-sections;  the  first  dealing  with 
the  characteristics  of  the  relatively  hot  electron  (EAVE  >  600  eV;  and 
the  second  dealing  with  the  characteristics  of  the  colder  electrons.  Such 
a  division  Is  made  based  on  a  comparison  of  the  maps  of  Integral  flux  and 
averaqe  enerqy.  Such  a  comparison  shows  that  the  hlqh  latitude  region 
separates  naturally  Into  two  regions  based  upon  the  average  energy  of  the 
electrons.  The  hotter  plasma  Is  confined  to  a  roughly  annular  reqlon  whose 
low  latitude  edge  Is  the  equatorward  edge  of  the  auroral  zone  while  the 
colder  plasma  fill  the  remaining  area  between  the  poleward  edge  of  the 
annulus  and  the  geomagnetic  pole.  The  colder  electron  reqlon  is  composed  of 
a  band  of  relatively  Intense  precipitation  bounding  the  poleward  edqe  of  the 
hot  plasma  and  a  region  of  lower  Intensity  precipitation  In  the  rest  of  the 
area  up  to  the  pole. 


HOT  ELECTRON  REGION 


For  the  hot  electrons  we  note  the  following 

1)  The  averaqe  enerqy  of  the  precipitation  electron  varies  qreatly  In 
naonetlc  local  tine.  In  qeneral  the  peak  averaqe  enerqles  are  hlqhest  on 
the  nornlm  side  of  the  oval.  Within  the  nornlnq  side  renlon  there  are  two 
max Ins  In  the  averaoe  enerqy;  one  between  nldniqht  and  OfiOO  MLT  and  the 
second  typically  two  hours  pre-noon.  In  teMes  ?n  and  f?h  the  location  and 
electron  characteristics  for  the  two  maxima  are  listed  for  all  seven  Kp 
zones. 

One  notes  that  the  averaqe  enerqy  of  the  post  nldniqht  maximum  Is  between  3 
and  5  keV  In  a  latitude  ranqe  between  fi?  and  R7°.  The  local  tine  of  these 
naxlna  varies  over  A  hours  and  the  trend  Is  for  the  enerqy  flux  to  Increase 
with  Increaslnq  Kp.  The  lack  of  a  post  nldniqht,  naxlmun  for  the  Kp-F  case 
we  attribute  to  the  relatively  United  sampllnq  provided  by  the  P7R-1 
satellite  in  this  reqlon  and  at  this  level  of  activity.  The  pre-noon 
naxlnun  Is  nore  fixed  In  naonetlc  local  tine  and  nore  ordered  hy  Kp. 

Except  for  Kp-0  case  this  naxlna  Is  always  found  between  0930  and  1100  MLT 
and  at  a  qeonaqnetlc  latitude  that  smoothly  decreases  with  Increaslnq  Ko. 

The  averaqe  enerqy  Increases  fron  Kp«n  to  Kp-3  but  then  decreases  for  all 
hlqher  Kp  reachlnq  a  value  for  the  hlqhest  activity  case  a  factor  of  two 
below  that  of  the  Kp-n  ease.  In  a  slnllar  manner  the  enerqy  flux  Increases 
fron  Kp-o  tn  Kp-3  but  then  Is  approximately  stable  for  all  hlqher  activities. 

At  enerqles  above  1  keV  the  reqlon  of  hot  plasma  Is  not  continuous  about 
the  oval.  For  Kp-0  the  averaqe  enerqy  does  not  reach  IkeV  at  any  latitude  In 
the  MLT  ranne  from  -  IflOO  to  ??on,  For  the  Kp-1  and  I*  cases  there  Is  a 
nlnlnun  within  the  reqlon  of  hot  plasma  at  approximately  1800  hour  f*LT.  For 
the  four  remalnlnq  cases  there  1„s  a  clear  mlnlnui'i  between  noon  and  1800  hours 
MLT.  The  averaqe  enerqy  of  this  nlnlnun  falls  below  1  keV.  For  the  four 
hlqhest.  activity  cases  the  location  of  the  minimum  appears  to  move  to  earlier 
local  times  with  Increaslnq  activity.  Part  of  this  effect  appears  to  result 
fron  a  chanqe  with  activity  In  the  naqnetlc  local  tine  past  noon  to  which 
hot  electrons  drlftlnq  around  on  the  nornlnq  side  are  able  to  penetrate. 

These  electrons  are  seen  at,  the  latest  MLT  for  Kp-0  and  penetrate  to  proqres- 
slvely  earlier  MITs  with  Increaslnq  activity.  For  the  Kp  >6-  case  there 
are  few  reqlons  to  the  dayslde  of  the  dawn-dusk  meridian  In  which  the  averaqe 
enerqles  reaches  1.5  keV, 

3.  The  majority  of  the  enerqy  flux  of  particles  Into  the  hi qh  latitude  reqlon 
Is  carried  hy  the  hot  electrons.  Typically  for  any  MLT  zone  on  the  nlqhtslde 
of  the  oval  the  latitude  of  the  maximum  In  enerqy  flux  Is  near  or  coincides 
with  the  maximum  In  averaqe  enerqy.  At  all  activity  levels  above  Kp-n  the 
Isocontours  of  enerqy  flux  within  the  hot  electron  reqlon  have  a  C  or  horse¬ 
shoe  shape  that  Is  rouqhly  symmetric  about  a  meridian  one  to  two  hours  post 
nldniqht  and  nost-noon.  The  maximum  enerqy  flux  occurs  sllqhtly  before 
nldniqht  for  Kp-0  and  l  hut  Is  clearly  post  mldnlqht  for  all  hlqher  activity 
cases. 

4.  The  enerqy  flux  Into  the  nlqhtslde  oval  and  up  to  approximately  1000  MI.T 
on  the  dayslde  Increases  with  Increaslnq  activity  as  the  oval  expands.  By 
contrast  the  enerqy  flux  carried  hy  hot  electrons  at  noon  reaches  a  maximum 
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at  Kp-2  and  then  decreases  for  hlqher  activity.  This  Is  shown  In  Table  3 
where  we  have  listed  the  maximum  energy  flux  and  It's  latitude  for  the  nnnn 
to  (1030  MLT  zone  and  for  the  peak  In  average  enerqy  for  the  hot  electrons  In 
the  1130  to  1200  MLT  zone. 

The  latitude  for  both  cases  decreases  for  Increasing  activity  as  would  be 
expected  from  the  overall  movement  of  the  oval  eguatorward.  The  enerqy  flux 
at  mldnlqht  Increases  hy  more  than  an  order  of  magnitude  from  Kp-0  to 
kp  >0-  while  the  energy  flux  at  noon  reaches  a  maximum  value  of  7,  79xW7 
keV/  cn2 3-sec-ster  for  Kpa?  and  then  decreases  for  Increasing  Kp  above  this 
point,  reaching  a  value  for  the  Kp>6-  case  approximately  a  factor  of  two 
lower  than  the  Kp«0  case,  The  ratio  of  the  energy  flux  at  mldnlqht  to  that 
at  noon  Increases  with  Increasing  Kp  except  for  the  Kp-5  case.  The  7  values 
from  Kp-n  to  Kp>6-  are  2.7,  4.1,  4.7,  12.  n,  21.5,  1ft,  72.5. 

COLO  ELECTRON  REGION 

For  the  cold  electrons  (EAVF  <  500  eV)  we  note  the  following: 

1.  The  hlqhest  number  flux  of  cold  electrons  Is  found  within  the  dayslde 
portion  of  the  overall  region  of  electron  precipitation.  At  the  first  five 
activity  levels  there  is  a  clear  crescent  shaped  reqlon  of  cold  electrons 
roughly  symmetric  about  noon  or  slightly  skewed  towards  prenoon.  The  crescent 
shaped  reqlon  Is  most  clearly  evident  In  the  Kp>0  and  Kp»l  cases  where  at  a 
level  of  above  5X10'  electrons/cm*- sec- star  it  extends  In  maqnetlc  local  time 
over  the  entire  dayslde  renlon  and  one  to  several  hours  Into  the  nlqhtslde 
reqlon.  The  reqlon  extends  closer  to  mldnlqht  on  the  morning  side  than  the 
evening  side.  The  same  behavior  Is  maintained  for  the  next  three  levels  of 
activity  hut  Is  obscured  In  the  Isocontour  plots  by  the  Increasing  Integral 
flux  on  the  nlqht  side  from  the  hot  electrons.  For  the  two  hlqhest  activity 
cases  there  Is  still  an  extended  reqlon  of  low  enerqy  precipitation  on  the 
dayslde  hut  It  Is  not  as  well  orqanlzed  as  for  the  lower  activity  cases. 

2.  The  Intensity  of  the  Inteqral  number  flux  within  the  dayslde  reqlon  shows 
little  If  any  Increase  with  Increasing  activity.  Except  for  the  Kp  >  5- 
case  the  Inteqral  number  flux  Is  typically  between  5x10'  and  2x1 electrons 
/cm*- sec- ster.  Although  the  level  of  flux  within  the  region  Is  relatively 
constant  the  total  flux  of  electrons  Into  the  region  Is  Increasing  with 
Increasing  activity.  For  the  7  levels  of  activity  the  total  downcomlnq  flux 
ovor  the  entire  dayslde  with  energies  between  50  ejLand  S60eV  are  7.55x10*4, 
R.ft9xlO*4,  1.0x10*5,  1.21x10*5,  l^xlO**,  1.47x10**  and  3. 7Bx10*e1ectrons/ 
-sec-ster.  These  numbers  were  obtained  by  determining  the  Inteqral  flux  for 
electrons  with  energies  between  50  eV  and  550  eV  In  each  spatial  element  on 
'the  dayslde  multiplying  these  by  the  area  of  the  spatial  element  and  summing. 
For  all  but  the  Kp>  6-  case  this  trend  Is  well  fit  by  the  equation, 

I  ■  7. flxio**  e  electrons/sec-ster 

3.  within  the  dayslde  reqlon  of  cold  electron  precipitation  there  Is,  In  all 
but  the  Kp>  ft-  case,  a  clear  prenoon  maximum.  In  Table  4  the  parameters 

for  these  maxima  are  listed. 
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One  notes  that  the  maxlmun's  location  In  MLT  Is  relatively  constant  while  the 
latitude  decreases  with  Increasing  activity  as  the  oval  expands.  The  Integral 
number  flux  Increases  only  from  3.0*1  to  4,1  x  108  from  the  Kp-0  to  the  Kp> 

6-  case.  Roth  the  Inteqral  enerqy  flux  and  averaqe  enerqy  are  similarly  with* 
In  a  narrow  range  except  at  the  two  highest  activities.  These  Increases  at 
Maher  activity  are  attributable  to  an  Increase  In  the  spatial  variability  of 
the  oval  such  that  some  hot,  electron  spectra  have  been  used  to  determine  the 
average  spectrum  from  which  the  enemy  flux  and  averaqe  energy  were  calculated 
If  at  all  activity  levels  the  values  listed  In  Table  3  are  recalculated  using 
only  the  portion  of  the  spectrum  between  Rfl eV  and  6fiOeV  the  values  for  the 
Kp-fl  to  Kp«3  cases  vary  by  less  than  MX  for  all  three  quantities.  For  Kp«4 
and  5  cases,  however,  the  enerqy  flux  drops  to  values  below  M8  k#V/cmz-sec- 
ster  and  the  average  enerqy  to  values  helow  200  eV. 

4.  In  the  dayslde  reqlon  of  cold  electrons  there  Is  a  clear  minimum  In 
averaqe  enerqy.  The  location  and  electron  characteristics  at  the  minimum 
are  listed  in  Table  S. 

The  location  In  latitude  shows  a  total  variation  of  R°  with  activity  and 
except  at  hi qh  activity  is  found  between  1  100-120(1  MLT.  Again  the  electron 
characteristics  are  quite  stable  with  Increasing  activity.  The  Inteqral 
number  flux  ranqes  between  3  and  10  electrons/cm  -sec-ster  except  for  the 
KP  >  6-  case.  The  Inteqral  enerqy  flux  value  falls  In  a  similar  narrow  range 
and  the  averaqe  enerqy  shows  a  slight  decrease  with  increasing  activity. 

These  average  enerqy  minima  sit.  near  the  poleward  edge  of  the  cresent  shaped 
region  of  cold  electron  precipitation. 

WORST  CASE  ENVIRONMENT 

The  concept  of  a  worst  case  environment  for  large  space  structures  In 
near-earth,  polar  orbit  Involves  an  extrapolation  of  experience  with  snail 
satellites  near  qeostatlonary  altitude.  The  need  for  extrapolation  derived 
from  our  historical  situation  which  presents  many  well -documented  examples  of 
severe  charging  at  geostationary  altitude,  a  few  cases  of  small- sate U 1 te 
changing  at  Ionospheric  altitudes,  and  as  yet  no  exporlonce  with  larqe  struc¬ 
tures,  such  as  Shuttle,  In  polar  orbit.  At  qeostatlonary  altitude  the  worst 
charging  occurs  when  satellites  are  In  the  shadow  of  the  earth  during  some 
substorm  injection  events.  In  this  situation  the  occurrence  of  charqlnq  Is 
unamblquously  determined  by  the  location  In  energy  of  the  so-called  "charging 
poaks"  In  the  positive  Ion  spectrum.  If  a  satellite  charges  to  -  5k V ,  low- 
energy  Ions  In  the  vicinity  of  the  satellite  are  accelerated  through  this 
potential.  Typically,  a  larqe  flux  of  Ions  would  he  measured  In  the  enerqy 
channel  centered  nearest  BKeV  while  few  If  any  Ions  would  be  detected  In 
energies  channels  below  this  value,  Mullen  and  fiussenhoven  (ref  lu)  (19fl2) 
found  that  the  most  severe  charqlnq  occurs  during  those  substorm  Injection 
events  that  are  characterized  by  strong  fluxes  of  electrons  with  energies 
above  1(1  keV,  impacting  electrons  with  energies  above  (below)  this  value 
produce  less  (more)  than  one  secondary  electron  per  particles  for  typical 
spacecraft  materials  (ref  11)  With  Uils  criterion  in  mind  Hardy  (ref  12) 
surveyed  more  than  1(1,000  passes  of  OMSP/F2  over  the  auroral  zone  to  Iden¬ 
tify  conditions  under  which  the  flux  of  electrons  with  energy  >  1  keV  exceeded 
10*D  electrons/cm2- sec-ster.  Although  these  enerqetl:  electron  observations 
are  useful  for  modelers  who  require  realistic,  worst-case  fluxes  It  provides 
no  empirical  guidelines  as  to  what  degree  the  satellites  actually  charge. 
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With  the  launch  of  0MSP/F6  In  December  198?  It  has  bncome  possible  to 
specify  the  deqree  to  which  charqlnq  occurs  In  "worst  case"  auroral  environ¬ 
ments.  This  satellite  carried  detectors  capable  of  measuring  the  fluxes  of 
downcomlnq  electrons  and  positive  ions  with  energies  between  30  eV  and  30 
keV.  The  satellite  also  carried  detectors  to  measure  the  densities  and 
temperatures  of  thermal  Ions  and  electrons,  Because  the  geometric,  factor  of 
the  energetic  Ion  detector  greatly  exceeds  that  of  any  previously  flown,  It  Is 
possible  for  the  first  time,  to  look  for  Ion  "charging  peaks"  as  Indicators  of 
spacecraft  charging  In  the  Ionosphere.  The  detector  systems  as  well  as  the 
methods  for  data  presentation  and  Identifying  severe  charqlnq  events  are 
described  <n  a  companion  paper  (ref  13)  and  will  not  he  repeated  here, 

Mqures  4  and  5  give  the  average  energies  (top  panels),  directional  energy 
flux  (middle  panels)  and  directional  number  flux  of  electrons  and  positive 
Ions  measured  durlnq  a  northern,  high-latitude  pass  of  DMSP  on  12  January 
1983.  The  data  are  presented  as  a  function  of  UT  In  seconds  of  the  day, 
qeoqraphic  latitude  and  lonqltude;  magnetic  latitude,  longitude  and  local 
time.  Attention  Is  directed  to  the  two  minute  interval  between  36620  (0967) 
and  35940  (0969)  UT,  The  electron  flux  rose  sharply  from  typical  polar  rain 
values  of  2  X  lofycm'-agc-ater,  starting  at  3S860  UT  to  a  maximum  value  of 
10lf7cn'-sec-ster  at  35878  UT.  The  flux  level  then  decreased  to  a  nearly 
steady  value  of  5xinB  for  the  following  minute.  The  average  energy  profile 
suggests  that  the  satellite  either  passed  through  two  closely  spaced  Invertud-V 
structures  or  through  a  slnqle,  complex  Inverted  V  with  a  very  Intense  sub¬ 
structure  at  Its  poleward  boundary,  nurlng  the  suhlnterval  38880-36880  UT, 
the  Ion  flux  Increased  by  three  orders  of  magnitude  with  no  easily  recognized 
Increase  in  average  Ion  energy.  An  Intense  flux  of  hlgh-enerqy  electrons 
accompanied  by  an  increased  flux  of  low-anargy  iona  la  often  an  Indicator  of 
apacecraft  charging  at  geostationary  altitudes  (raf  1*0.  An  analytic  of 
individual  distribution  functions  for  Iona  and  electrons,  presented  below, 
•hows  that  this  cun  also  be  regarded  as  a  signature  of  charging  at  iono¬ 
spheric  altitudes,  before  examining  individual  apecti'al  meaauramonta  two 
additional  comments  related  to  Figures  4  and  *  should  be  made.  First,  during 
the  interval  33080  to  33940  as  the  satellite  passed  through  the  equatorvard 
(portion  of  tha) Inver  tad  V  the  flux  of  ions  remained  constant  at  ~  10° 
/cm‘-aec-eter  and  their  average  energy  increased  to  savoral  kilovolts.  As 
demonstrated  below  no  meaeurable  charging  occurred  during  this  interval. 
Second,  the  electron  flux  levels  of  10icvc»z-aec-ster  near  33875  UT  repre¬ 
sent  lower  bounds  on  the  actual  flux,  the  Integrations  are  performed  only 
over  tho  finite  onergy  range  (30  eV  -  30  k«V)  of  the  sensor. 

Figures  6  a-f  give  olx  examples  of  p»,<  ow  space  densities  for  electrons 
and  lone  with  energies  between  30  eV  and  30  KaV  as  measured  by  DMSP/F6  in 
crossing  (ha  Inverted  V  structure(e).  Before  examining  the  maasuramenta  It 
should  be  recalled  that  both  the  electron  and  ion  detectors  consist  of  two 
analysers.  The  low  (high)  energy  analyser  covers  the  range  30  eV  to  1  keV 
(1  to  30  keV)  in  10  logarithmically  spaced  steps.  Each  of  the  analysers 
steps  from  high  to  low  In  energy.  Thus,  the  1  keV  sample  of  the  low-anorgy 
analyser  occurs  almost  a  full  second  before  the  1  keV  sample  of  the  high 
energy  analyser.  In  rapidly  varying  environments  the  1  keV  measurements  of 
the  two  analysers  can  be  quite  different.  In  smoothly  varying  regions 
measured  fluxes  agree  within  normal,  statistical  fluctuations.  The  different 
values  of  electron  distribution  function!  at  1  keV,  in  the  examples  given  in 
Figure  6  reflect  rapid  epatlal-tamporal  variations  in  the  environment  rather 
than  a  calibration  deficiency  in  the  instrument. 
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The  electron  and  ion  distribution  functions  in  Figure  6  were  chosen  to  Il¬ 
lustrate  conditions  leading  to  weak  (a,f),  moderate  (c,e)  and  strong  (b,d) 
spacecraft  charging.  To  help  identify  the  degree  of  charging  expanded  plots 
of  the  low  energy  portions  of  ion  distributions  appear  as  insets.  At  0957:48 
UT  as  the  satellite  entered  the  inverted  V  the  ion  distribution  decreases 
mono  tonic ally  indicating  that  the  satellite  potential  was  greater  than  or 
equal  to  -  30  V,  One  second  later  the  electron  distribution  hardened  consi¬ 
derably  and  the  low-energy  portion  of  the  ion  distribution  shows  a  peak  at 
300  eV  indicating  a  vehicle  potential  of  -300  V  (ref.  13).  The  rapidity  with 
which  the  vehicle  potential  fluctuates  is  shown  in  examples  c  (0957:56)  d 
(0957:58)  and  e  (0957:59)  where  the  charging  peak  is  seen  at  100  eV,  440  eV 
and  44  eV,  respectively.  We  note  that,  at  0957:  58  UT  in  the  energy  range  9 
to  30  keV,  the  electron  distribution  function  is  monotonically  increasing. 

II  we  assume  that  the  auroral  electrons  have  undergone  a  field-aligned  accele-* 
ration  between  the  magnetosphere  and  ionosphere,  then  the  detected  electrons 
are  secondary  and  degraded  primaries.  The  potential  drop  above  the  ionosphere 
is  at  least  30  kV,  The  primary  electron  beam  has  an  energy  greater  than  30 
keV;  beyond  the  energy  sensitivity  of  tha  DMSP/F6  detection  range.  The 
final  example  at  0958:06  UT  comes  from  the  equatorward  inverted-V.  Although 
che  primary  electron  beam  has  been  accelerated  through  a  potential  of  14  kV, 
the  ions  have  a  monotonically  decreasing  distribution.  Potentials  >  -  30  V 
are  typical  of  this  equatorward  inverted-V  encounter. 


The  control  of  spacecraft  charging  exerted  by  energetic  electrons  is  illustra¬ 
ted  in  Figure  7.  The  top  panel  gives  the  directional  flux  of  electrons  with 
energies  >  5  keV  (dashed  line)  and  >  10  keV  (solid  lint).  As  just  mentioned 
the  flux  measured  at  0957:58  (35878)  UT  is  lower  bound  on  the  actual  flux. 

The  satellite  potentials  inferred  from  the  measured  ion  distribution  functions 
appear  in  the  bottom  panel.  We  see  that  there  are  one  for  one  variations  in 
the  energetic  electron  flux  and  the  satellite  potential.  The  degree  of 
charging  achieved  at  geostationary  altitude  in  a  given  energetic  particle 
environment  exceeds  that  expected  for  satellites  in  the  ionosphere.  In  the 
ionosphere  severe  charging  effects  should  be  mitigated  due  to  currents  carried 
by  restively  dense,  cold  ions.  Simultaneous  measurements  from  the  thermal 
plasma  probes  in  the  vicinity  of  the  inverted-V  evert(s)  are  presented  in 
Figure  8.  Data  are  presented  aB  densities  of  thermal  electrons  (top  panel) 
and  Iona  (bottom  panel)  determined  while  the  detectors  operated  in  the  con¬ 
stant  bias  Mode  1  (ref  13).  A  positive  b?as  on  the  outer  grid  of  the  electron 
sensor  is  responsible  for  the  factor  of  two  greater  electron  than  ion  density 
prior  to  0957  and  after  0959  UT.  Note  that  between  0956  and  0957  UT  the 
electron  and  ion  densities  decreased  by  a  full  order  of  magnitude.  This 
density  decreased  occurred  prior  to  the  first  encounter  with  the  inverted  V. 
Beginning  at  0957:30  the  current  to  the  electron  sensor  decreased  by  more 
than  anocher  order  of  magnitude.  Because  the  ions  show  the  opposite  response 
we  attribute  the  thermal  electron  current  suppression  as  due  to  the  increase 
satellite  charging  encountered  at  this  time. 

In  the  companion  paper,  Burke  and  coworkers  (ref  13)  presented  another 
example  of  severe  charging  by  DMSP.  In  this  event  the  satellite  potential 
only  reached  -65V.  The  present  case  differs  in  two  significant  ways.  First, 
although  the  inverted  V  electron  flux  levels  were  comparable,  the  average 
energies  were  significantly  larger  in  the  present  case.  Second,  the  thermal 
plasma  density  was  an  order  of  magnitude  higher  in  the  case  presented  by 
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Burke  and  coworkers.  This  means  that  there  is  roughly  an  order  of  magnitude 
less  ion  current  available  to  neutralize  the  current  due  to  energetic  elec¬ 
trons.  It  would  appear  that  both  energetic  electrons  and  a  cold  plasma 
depletion  are  required  for  satellites  at  ionospheric  altitude  to  acquire  the 
high  degree  of  charging  observed  by  DMSP  on  January  12,  1983. 
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Figure  1.  -  Isocontour  maps  of  the  Integral  number  flux  (IFLX)  of  precipitating 
electrons  In  units  of  electrons/cm2  sec  sr  for  the  four  activity  levels  Kn»0, 
2,  4,  and  j>6-.  The  plots  are  In  a  corrected  geomagnetic  latitude  -  magnetic 
local  time*” coordinate  system.  The  geomagnetic  pole  Is  marked  by  a  cross  (+). 
Midnight  magnetic  local  time  Is  centered  at  the  bottom  of  each  figure*  noon 
at  the  top. 
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Figure  4.  -  Average  energy,  directional  energy  flux,  and  directional  number 
flux  of  downcomlng  electrons  with  energies  between  30  eV  and  30  keV. 
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Figure  5.  -  Average  energy,  directional  energy  flux,  and  directional  number 
flux  of  downcoming  Ions  with  energies  between  30  eV  and  30  keV. 
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Distribution  functions  of  electrons  and  ions  irith  energies 
30  ke¥  as  Measured  on  12  January  1983  by  0MSP/F6. 
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POLAR  PLASMAS  AS  OBSERVED  BY  DYNAMICS  EXPLORERS  1  ANO  2* 


J.  Barfield,  J.  Burch,  C.  Gurglolo,  C.  Lin,  0.  Wlnnlnjham,  and  N.  Saflekos 

Southwest  Research  Institute 
San  Antonio,  Texas  78284 


Plasma  maaauramanta  from  the  Dynamics  Explorer  1  and  2  satellites  have  been  used 
to  characterise  the  polar  cap  environment.  Analysis  of  numerous  polar-cap  passes  have 
indicated  that,  in  general,  three  major  regimes  of  plasma  exists 

(1)  polar  rain— electrons  with  magnetosheath-like  energy 

spectra  but  much  lower  densities,  most 
intense  near  the  cusp  and  weakening 
toward  the  central  polar  cap; 

(2)  polar  wind— -low  energy  upward  flowing  ions  with  both 

field-aligned  and  conical  distributions) 

(3)  acceleration  events— sporadic  events  consistent  with  the 

acceleration  of  electrons  and  positive 
ions  by  parallel  electric  fields, 

< 1  )-< 3)  have  been  observed  at  high  altitudes  by  Dynamics  Explorer  1,  while  (1)  and  (3) 
have  been  observed  at  low  altitudes  by  Dynamics  Explorer  2,  The  plasma  parameters 
associated  with  these  plasma  regimes  are  presented  and  discussed  in  terms  of  source 
and  acceleration  mechanisms. 


INTRODUCTION 


The  polar  aap  is  a  region  threaded  by  magnetic  field  lines  which  intersect  the 
earth  poleward  of  the  auroral  oval.  The  magnetic  field  lines  of  the  polar  cap  are 
generally  accepted  as  either  being  open  or  alosed  at  such  large  distances  froai  the 
earth  that  they  are  effectively  open.  This  linkage  between  the  polar  cap  ionosphere 
and  the  interplanetary  medium  makes  the  polar  caps  extremely  important  in  the  study  of 
the  interaction  between  the  solar  wind  and  the  high-latitude  ionosphere.  Einae  the 
polar  caps  are  not  directly  conn<  ited  to  those  closed-line  regions  of  the  magneto¬ 
sphere  where  plasma  and  energy  are  stored,  electric  fields,  currents,  and  particle 
precipitation  in  the  polar  caps  respond  quickly  to  changes  in  solar  wind  conditions. 
Many  authors  have  studied  the  relationehips  between  the  solar  wind  conditions  and  ths 
polar-cap  environment.  However,  much  remains  unknown  at  present  concerning  the  char¬ 
acteristics  of  polar  cap  plaamaa. 


This  work  waa  supported  by  the  Air  Force  Geophysics  Laboratory  under  Contracts 
FI  9628- 8 2K- 00 24  and  Fy7121-83-N-001 ,  by  NASA  under  Contracts  NA85-26363  and  N AES- 
25693,  and  by  the  Southwest  Research  institute  Internal  Research  Program. 
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Examination  of  tha  DE-1  and  D*-2  data  has  provided  naw  information  on  thraa  aajor 
polar-cap  plasma  regimen 

(1)  polar  rain — alaotrona  with  magnetosheath- like  energy  apactra  but  auoh 
lowar  densities,  most  intanaa  naar  tha  ouap  and  weakening  toward  tha 
oantral  polar  cap; 

(2)  aocalaratad  polar  wind — low  anargy  upward  flowing  iona  with  both  field- 
alignad  and  conical  distributions; 

(3)  acceleration  events — aporadic  events  consistent  with  tha  acceleration  of 
electrons  and  positive  ions  by  parallel  eleotric  fields. 

The  Dynamics  Explorer  satellites,  launched  in  1981,  have  afforded  naw  and  unique 
opportunities  to  probe  polar  cap  plasmas.  < Details  of  tha  satellites,  their  orbits, 
and  instrumentation  may  be  found  in  apace  Science  instrumentation,  Vol.  5,  No.  4, 
1981— special  issue.)  Tha  combined  high-altitude  polar  orbit  of  Dynamics  explorer  1 
(DS-1)  and  the  low-altitude  polar  orbit  of  Dynamics  Explorer  2  (DB-2)  have  been  used 
to  observe  tha  polar  cap  plasma  environment  on  a  large  number  of  passes. 

The  next  section  briefly  describes  the  instruswntation  used  for  the  observations. 
Following  that,  the  next  thraa  sections  present  observations. 


INSTRUMENTATION 


The  DB-1  satellite  was  launched  on  August  3,  1981,  into  an  elliptical  polar  or¬ 
bit  with  an  apogee  of  4.6  Eg  geocentric  and  a  perigee  of  650  km  altitude.  The  D*-1 
High  Altitude  Vlasma  Instrument  (HAPX)  consists  of  five  electrostatic  analysers 
mounted  in  a  fan-shaped  angular  array  at  angles  of  45*,  78*,  90*,  102*,  and  135*  with 
respect  to  the  spaoeoraft  spin  axis.  Each  analyser  makes  differential  measurements 
of  positive  ions  and  electrons  over  an  energy  per  charge  range  of  5  ev/e  to  32  keV/e. 
The  energy  stepping  rate  nay  be  commanded  over  a  range  up  to  64  sec'1*,  producing 
three-dimensional  plasma  distributions  at  the  six-second  spin  period  of  DB-1  (see 
ref.  1  for  details). 

The  DE-2  satellite,  launched  with  DE-1  on  August  3,  198  has  an  elliptical 
polar  orbit  at  approximately  300  x  1000  km  altitude.  DB-2  is  three-axis  stabilised, 
with  one  axis  in  the  aenith,  another  perpendicular  to  the  orbit  plane,  and  the  last 
completing  a  right-hand  triad.  Tha  DB-2  Low  Altitude  Plasma  instrument  (LAP!)  con¬ 
sists  of  15  ion  and  15  electron  energy/unit  charge  analysers  mounted  on  an  external 
scan  platform  (ref.  2).  The  detector  array  oan  be  held  approximately  fixed  (<1*) 
with  respect  to  the  local  magnetic  field  vector.  The  plane  of  the  sensors  is  in  the 
orbital  plane  and  thua  in  the  local  magnetic  meridian  plane.  Two  pairs  of  out-of- 
plane  detectors  allow  for  sampling  near  9*  and  190*  pitch-angle  when  the  magnetic 
field  vector  deviates  significantly  from  the  plane  of  the  deteotor  array. 


OBSERVATIONS 


Polar  Rain 

Winningham  and  Heikkila  (ref.  3)  first  describee*  polar  rain,  using  data  from  the 


156 


18X8  1  satellite.  Polar  rain  la  tha  aoat  nommon,  type  of  part  Ida  precipitation  over 
the  polar  caps.  This  broad  and  relatively  structureless  electron  precipitation  can 
often  fill  tha  entire  polar  cap.  The  precipitating  electrons  typically  have  thermal 
energies  on  the  order  of  100  eV  and  are  Isotropic  over  the  downooming  heel  sphere  •  the 
energy  flux  carried  by  the  particles  Is  of  tha  order  of  10"3  to  1Q~3  erg  cm-2  sec""1 
(ref.  4).  The  spectral  distribution  of  the  polar  rain  electrons  has  tha  same  shape  as 
that  of  cusp  electrons,  but  is  lower  in  intensity,  suggesting  that  polar  rain  origi- 
nates  in  the  eagnetosheath  and  travels  to  tha  polar  ionosphere  via  the  lobes  of  the 
aagnetotail. 

figures  la  and  1b  show  differential  energy  flux  frost  the  IAPX  instrument  aboard 
DB-2  for  a  portion  of  a  polar  pass  on  day  MS  (22  October)  of  1981.  The  top  panel 
shows  data  for  8*  pitch  angle  electrons,  and  ths  bottom  panel  shows  45*  pitah  angle 
ion  data.  The  tipper  center  panel  shows  90*  and  0*  pitch  angle  electron  data  from  the 
ON  tube.  The  data  are  ooded  according  to  the  color  bars  at  the  right.  Satellite 
ephemeris  is  shown  at  ths  bottom.  In  this  particular  pass,  OB-2  passed  through  the 
northern  polar  cusp  at  approximately  1308-130?  UT  and  into  the  polar  cap.  The  polar 
rain  can  be  seen  olearly  as  a  bright  band  in  tha  elsotron  panel  over  the  energy  range 
-60-600  eV.  The  electron  flux  intensity  remained  fairly  constant  in  intensity  until 
just  after  1309  UT  when  it  abruptly  decreased*  Notice  the  laok  of  ion  fluxes  over  tha 
polar  cap. 

figure  2  shows  line  plots  of  the  average  energy,  energy  flux,  and  density  of  the 
downoouing  electrons  for  1308-1311  UT.  These  parameters  are  obtained  by  integrating 
distribution  functions  over  energy  from  S  eV  to  20  keV.  During  the  entire  interval, 
the  average  electron  energy  and  density  remained  roughly  constant.  The  average  energy 
was  about  100  eV  and  the  density  of  down  coming  electrons  was  in  the  range  of  1-5  an"**. 
These  values  of  energy  and  density  are  representative  of  the  polar  rain.  After  exit 
from  the  ausp  at  about  1307  UT,  the  energy  flux  increased  very  slightly  toward  the 
pole  until  just  after  1309  UT  when  it  decreased  by  approximately  50% . 

Figure  3  shows  a  D*-1  high-altitude  polar  pass  approximately  three  hours  aftsr 
the  DB-2  pass  shown  in  Figure  1.  During  ths  interval  1617-1619  UT,  D8-1  traversed 
the  magnetic  local  time  and  invariant  latitude  corresponding  to  those  of  DB-2  just 
poleward  of  the  cusp  in  Figure  la.  The  format  is  the  same  as  for  Figure  1,  except 
for  the  absence  of  <3N  tube  data.  The  polar  rain  may  he  seen  as  c  band  in  the  spec¬ 
trogram  over  the  energy  range  -100-600  ev.  Bracketing  the  polar  rain  are  counter- 
streaming  energetic  (B>600  ev)  electron  beams  at  0*  and  180*  pitch  angle  and  upward- 
moving  low-energy  (8<100  eV)  electron  beams.  The  source  of  the  energetla  oounter- 
streaming  electrons  is  open  to  question  and  presently  under  study  by  Ourgiolo  and 
Burah  (unpublished) •  Two  possibilities  for  ths  source  would  be  reflection  by  a 
potential  barrier  at  the  magnetopause  (ref.  6)  or  direct  access  of  solar  electrons. 
Upstreaming  ion  oonics  may  be  seen  in  the  lower  panel. 

Comparing  Figure  1  and  Figure  3,  it  is  interesting  to  note  that  the  polar  rain 
is  of  the  same  spectral  nature  at  both  altitudes,  suggesting  the  absence  of  any  sig¬ 
nificant  acceleration  between  ths  two  satellite  locations.  To  demonstrate  further 
the  similarity  between  the  electrons  at  tha  two  satellites.  Figure  4  shows  number 
density,  energy  flux,  and  average  energy  at  08-1  for  the  period  1614-1619  UT.  The 
average  energy  was  -100  eV,  density  was  -1  cm"*  and  the  energy  flux  was  0.8  ergs 
c*"2s  •  The  corresponding  values  at  lower  altitudes  were  -100  eV,  -2  cm"*,  and  -0.8 

ergs  om"2s  . 
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A  detailed  look  at  the  neer-field-sligoed  electron  populations  at  tha  two  satel- 
lita  locations  is  provided  1a  Figure  5.  Shown  are  three  data  sets  -  two  single  ener¬ 
gy  rvoepa  from  X*AFX.  one  just  at  the  poleward  edge  of  the  ouep  and  one  approxiaately 
10*  poleward  of  the  cusp,  and  a  single  energy  sweep  from  HAPX  at  a  location  which 
maps  to  near  the  location  of  tha  firat  LAFX  spectrum.  rroat  Figure  3,  we  first  can 
see  that  above  photoelectron  energies  the  ZAP!  population  can  be  represented  by  a 
Maxwellian i  allowing  tha  taaparatures  to  he  estimated,  near  tha  cusp  a  least  squares 
fit  gives  a  temperature  of  92  #V,  while  farther  poleward  the  temperature  is  99  ev. 
the  HAPX  spectrum  appears  we 11- fitted  by  two  Maxwellians  above  photoelectron  ener¬ 
gies.  The  low-energy  population  has  a  least-squares  fit  temperature  of  65  eV,  while 
the  higher  energy  population  has  a  temperature  of  141  ev* 


Accelerated  Polar  Mind 

The  polar  wind  refers  to  the  continual  escape  of  ionoapherlo  plasma  from  the 
polar  ionosphere  along  open  magnetic  field  lines.  This  escape  of  particles  has  con¬ 
sistently  been  observed  to  lead  to  a  depletion  of  light  ionospheric  ions  (ref.  7)  and 
electrons  in  the  upper  polar  ionosphere.  Until  recently,  observetions  of  tha  polar 
wind  in  the  literature  were  limited  to  the  low-altitude  observations  of  Hoffman  and 
Dodson  (ref.  7).  they  reported  s  continual  upward  flow  of  H+  and  He41  over  the  polar 
ceps  in  the  range  1-5  km/ sec  and  1-3  km/ esc.  respectively.  The  low  energy  of  these 
particles  precluded  most  instruments  from  directly  obtaining  a  distribution  funotion. 
However*  as  pointed  out  by  Qurgiolo  and  lurch  (ref.  3)*  polar-wind  models  predict 
that  the  particle  velocity  should  increase  with  altitude  (ref.  •).  Thus*  the  high 
altitude  satellite  D*-1  is  an  ideal  platform  from  which  to  study  the  polar  wind. 

Fleams  data  from  DH-1  polar  passes  indicate  that  ions  with  peak  differential 
energy  fluxes  in  the  5  to  100  eV  range  are  continually  flowing  out  of  the  daysida 
cusp  and  polar  oap.  The  flows  have  both  a  field-aligned  and  a  oonlo  component.  The 
field-aligned  component  is  unmistakably  the> polar  wind.  Qurgiolo  and  Burch  (raf.  5) 
concluded  that  the  oonios  observed  in  conjunction  with  the  polar  wind  are  polar-wind 
ions  that  have  been  perpendicularly  heated. 

The  polar-wind  observations  to  be  discussed  were  made  during  a  polar  pass  on  day 
272  (September  29)  of  1981 .  Figure  6  consists  of  3  sets  of  particle  spectrograms  on 
the  aama  format  as  Figure  3.  Bach  spectrogram  displays  the  differential  energy  flux 
for  tha  particle  detectors  which  lie  oloaest  to  tha  piano  containing  tha  local  mag¬ 
netic  field  vector. 

Figure  6  shows  e  continuous  band  of  upward  flowing  ioae  (near  180*  pitch  angle). 
Tha  aatallita  was  inaida  the  ouep  during  the  interval  covered  in  Figure  6a.  At  1411 
UT*  tha  aatallita  paaaed  through  tha  poleward  ouep  boundary.  The  upward  lone  allowed 
e  gradual  increase  in  energ/  throughout  and  alight ly  poleward  of  tha  cusp,  than  they 
begin  to  decrease  steadily*  the  peak  in  the  differential  energy  flux  eventually  drop¬ 
ping  below  the  lowest  cne.vgy  channel  oi  SAFI.  Vithin  the  cuap*  tha  conic  end  field- 
aligned  ions  appear  as  "tuning  forks*  in  the  spectrograms,  in  the  polar  cap  the  oon¬ 
ios  become  lass  and  less  apparent,  as  the  energy  and  angular  separation  of  tha  conio 
and  field-aligned  ions  decree**,  in  tha  polar  oap*  there  also  Is  a  shift  in  tha 
field-aligned  ions  from  -130*  pitch  angle  to  wie«*.  indicating  en  antlsunward  flow. 

Figure  7  shows  e  detailed  view  of  the  field  aliened  ion  population.  Two  data 
sate  aro  shown  *  each  <f  which  was  avenged  .war  four  satellite  revolutions  to  iapxove 
aounting  statistics.  Bach  of  the  distributions  was  transformed  to  the  rest  frame  of 
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the  plasma  prior  to  averaging  (exoapt  for  B/C  charging  which  was  about  20V).  Tha  two 
data  Mti  war*  takan  baginning  1434s05  UT  (aolid  oirclaa)  and  1434i54  UT  (open 
circlaa) •  In  rigura  7  Haxwallian  diatributions  ara  straight  linas,  with  tha  alopa 
baing  proportional  to  tha  plasma  temperature  and  tha  intaroapt  with  tha  distribution 
axis  baing  proportional  to  tha  plasaa  dansity. 

Fran  Figura  7  wa  can  aaa  that  tha  field-aligned  ion  oomponant  obsarvad  in  tha 
polar  ragions  is  comprised  of  two  ion  populations— a  low  anargy  oooponant  with  tam- 
paratura  balow  .5  aV  and  a  high  anargy  tail  with  taaiparatura  above  1.5  aV.  Both  ion 
populations  would  appaar  to  ba  wall  raprasantad  by  a  Haxwallian  distribution,  allow¬ 
ing  tha  estimates  of  tha  temperatures  to  ba  nada.  a  laaat  aquaraa  fit  to  tha  low- 
anargy  population  of  Figura  7  givaa  a  taaiparatura  of  .291. 16  aV  (3200*K±1800K) .  Tha 
corraaponding  taaiparatura  of  tha  high  anargy  plasma  population  in  Figura  7  is  found 
to  ba  2*71.7  aV.  the  paak  at  about  1  aV  nay  ba  dua  to  an  ion  haaviar  than  H+. 

Thara  is  littla  doubt  that  tha  lowar  anargy,  fiald-alignad  ions  oonstituta  tha 
Classics!”  polar  wind.  Tha  high  anargy  tail,  howavsr,  is  not  a  faatura  pradiotad  by 
polar-wind  models.  it  is  likaly  that  this  hottsr  plasaa  is  tha  rasult  of  a  perpen- 
dioular  hosting  of  polar-win 1  ions.  Assuming  that  all  ions  in  tha  polar  wind  ara  of 
aqual  taoparatura,  Figura  7  givas  hasting  on  tha  ordar  of  4  to  10. 

Wa  anvision  a  soanarlo  as  shown  in  Figura  B  occurring  during  tha  polar  wind 
asoapa  along  magnetic  fiald  linos.  At  low  altitudas  tha  ganaration  of  tha  polar  wind 
occurs  and  ionosphorio  ions  bagin  to  aaoapa  along  tha  opan  polar  cap  and  cusp  fiald 
linas  (Figura  Ba) .  lha  prasanoa  of  ion  perpendicular  hasting  along  tha  opan  fiald 
linas  produoas  tha  oharaotariatia  oonio  signatura  (Figura  8b) .  lha  distribution 
abova  tha  hasting  ragion  can  ba  oonsidarad  a  two- oooponant  plasaa  consisting  of  un- 
haatad  and  haatad  polar-wind  partiolas.  Tha  unhaatad  polar  wind  is  still  fiald 
alignad,  whila  tha  haatad  ions  hava  larga  valooitias  in  tha  diraotlon  parpandloular 
to  £.  As  tha  distribution  travels  upward,  tha  parpandloular  arms  of  tha  distribution 
will  bagin  to  oollapsa  toward  tha  aagnatio  fiald  diraotlon  in  aooordanoa  with  tha 
first  adiabatio  invariant,  and  a  fiald-alignad  high  anargy  tail  to  tha  polar  wind 
should  davalop  (Figura  Bo).  Figura  8d  shows  contours  of  a  typical  oonic/polar-wind 
population  aaasurad  in  tha  cusp  on  day  272. 

Ion  oonlos  hava  been  reported  by  numerous  people  (Refs.  9  and  10).  Theories  as 
to  tha  production  of  tha  oonio  ion  distribution  hava  favored  a  perpendicular  beating 
by  electrostatic  ion-cyclotron  waves  (ref.  9,  rafs.  11  and  12),  although  reoently 
(raf.  13)  it  has  bean  proposed  that  a  hasting  by  lowar  hybrid  waves  aay  alao  ba  a 
viable  oonio  ganaration  mechanism.  The  problem  is,  however,  that  most  of  these  theo¬ 
ries  ara  applicable  only  at  low  altitudas  in  tha  auroral  sons.  Adaptations  of  tha 
theories  to  tha  environment  of  tha  polar  cap  must  ba  made  to  explain  these  observa¬ 
tions. 


Using  tha  observed  conic  pitch  angle  distribution,  tha  altitude  of  tha  observa¬ 
tion  and  an  assumed  value  for  tha  initial  conic  pitch  angle,  it  is  possible  through 
the  first  adiabatio  invariant  to  estimate  the  altitude  of  tha  conic  ganaration.  In 
ganaral  tha  initial  conic  pitoh  angle  for  such  computations  is  assumed  to  ba  90* > 
however,  If  tha  source  plasma  already  has  a  significant  V|,  as  tha  polar  wind  does, 
than  the  initial  conic  pitch  angle  is  expected  to  shift  to  lower  values.  Using  a  di¬ 
polar  magnetic  field  approximation  and  estimating  ths  values  of  tha  initial  oonio 
pitch  angle  through  anargy  conservation  arguments  (which  assume  that  V|  does  not 
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change  between  the  observation  height  and  the  oonio  height)  we  estimate  the  heating 
to  occur  at  an  altitude  of  about  12,000  Km — oonatant  throughout  both  the  cusp  and 
polar  oap.  By  uaing  an  initial  conic,  pitch  angle  of  90*  we  can  plaoe  a  lower  limit 
to  the  heating  altitude  at  8000  km. 


Aooelaration  event a 

Tha  electrical  coupling  between  the  high-altitude  and  low-altitude  regimea  of 
the  polar  cap  ia  an  important  aapect  of  nagnetoaphere-ionoaphere  interactional  Tha 
unique  placement  of  tha  Dynamioa  Explorer  orbit*  with  reapeot  to  each  other  haa 
afforded  an  excellent  opportunity  to  invaatigate  thia  coupling  between  the  two 
regimea.  frequently,  08- 1  and  DB-2  observe  signatured  of  field-aligned  aooelaration 
of  ions  and  eleotrons  above  the  polar  oap.  Xn  thia  aaotion,  we  briefly  present  ob¬ 
servations  made  on  October  17,  1981  (day  81290)  above  a  "theta  aurora"  signature. 

figure  9  shows  a  spectrogram  of  180*  iona  and  0*  pitch  angle  electrons  from 
MAPI.  Tha  satellite  arossed  the  polar-cap  arc  field  lines  during  the  interval  1630- 
1650  UT.  Two  intervals  of  intense  electron  fluxes  below  1  keV  were  seem  >1631 i 30- 
1633s  IS  iff  and  >1642-1649  UT.  figure  10  shows  contour  plots  of  the  log  of  the  dis¬ 
tribution  functions  of  iona  (figure  10a)  and  electrons  (figure  10b)  for  the  interval 
1632i4S-1632iS7  UT.  Tha  iona  showed  a  strong  upgoing  bean  at  approximately  100  eV. 
Tha  electron  fluxea  were  isotropic  except  for  a  loss  oone.  Thus,  the  combined  elec¬ 
tron  and  ion  observations  indicated  that  an  approximately  100  eV  potential  drop  lay 
below  the  satellite  altitude. 

figure  11  shows  contours  in  the  same  format  as  figure  10,  for  the  interval 
1646t30  to  1646 i 36  UT.  By  this  time  the  ions  had  become  inotropic,  while  the  elec¬ 
trons  showed  a  downcoming  beam  of  >100  eV.  Thus,  tha  acceleration  region  appears  now 
to  be  above  the  satellite  altitude  (17313  km)  while  remaining  at  >100  eV. 

Tha  planus  characteristics  described  above  are  very  similar  to  those  observed  by 
DB-1  in  the  high  altitude  (>15,000  km)  nightslde  auroral  sone,  except  that  the  energy 
of  the  polar  oap  acceleration  events  is  lower.  Correlation  studies  by  Hardy  et  al. 
(ref.  14)  have  already  noted  that  the  plasma  signatures  of  polar  cap  acceleration 
events  at  low  altitudes  are  similar  to  those  of  evening  discrete  arcs.  The  parallel 
elsotric  field  responsible  for  the  polar-cap  acceleration  could  be  produced  by  the 
same  process  as  the  evening  auroral  arcs. 

Satellite  observations  of  convection  and  electron  precipitation  at  low  altitudes 
(<1000  km)  have  indicated  that  convective  electric  fields  point  toward  the  region  of 
polar-cap  acceleration  (V*8<0)  (ref.  15).  The  polar  cap  acceleration  region  is 
therefore  a  region  of  negative  space  charge.  Burks  et  al.  (ref.  16)  used  the  simul¬ 
taneous  electric  field,  magnetic  field  and  electron  flux  measurements  of  the  83-2 
satellite  to  demonstrate  that  np***6  Birkeland  currents  were  embedded  in  regions  of 
polar  cap  acceleration.  These  observations  suggest  that  field-aligned  potentials 
develop  as  a  result  of  imperfect  napping  of  magnetospheric  convective  electric  fields 
to  the  ionowphere  (ref.  14>  ref.  16). 


SUMMARY  AMO  CONCLUSIONS 


Plasma  neasuremantg  mad*  on  tha  Dynaaica  Explorer  1  and  2  spacecraft  aea  pro¬ 
viding  nw  intonation  on  tho  aitituda  dapandanoa  of  polar-cap  plana  populations* 
thair  sources,  and  tha  aooalaration  processes  thay  undergo.  in  this  study  we  hava 
found  that  tha  polar-rain  alaotron  population  apparantly  axhibits  no  significant 
aitituda  dapandanoa  between  altitudas  of  a  few  hundred  to  ~20,0U0  km.  this  result 
uas  axpaotad  froa  tha  nagnetoehaath-like  energy  spaatrua  of  the  low-altitude  polar 
rain. 


In  the  oasa  of  tha  polar  wind*  a  significant  velocity  increase  was  theoretically 
predicted  to  occur  between  the  two  spacecraft  altitudes#  and  this  effect  has  been 
confined  by  tha  D*-1  plasaa  aaasuraaents.  A  aajor  result  of  cur  study  of  the  accel¬ 
erated  polar  wind  is  its  significant  oonio  ooaponent,  which  indicates  that  the  ions 
are  heated  perpendicularly  as  they  eaerge  free  tha  polar-cap  ionosphere.  The  gradual 
decrease  in  polar-wind  energy  that  la  observed  to  occur  froa  the  cusp  across  to  the 
1  nlghtside  polar  cap  suggests  that  the  perpendicular  treating  process#  probably  in  cy¬ 
clotron  waves,  is  cost  intense  near  the  cusp  ngion. 

Significant  altitude  effects  are  also  observed  in  the  plasaas  that  occupy  Mag¬ 
netic  flux  tubes  connected  to  polar-cap  auroral  arcs  (or  theta  auroras).  At  PS-2, 
typical  low-energy  MOO  ev)  inverted-v  electron  distributions  are  observed.  At  DB-1 
the  electron  and  positive-ion  distribution  functions  are  consistent  with  electro¬ 
static  potential  drops  that  are  at  tine*  below  the  typical  DS-1  altitude  of  15,000  to 
20,000  )■  and  at  tiaes  above  these  altitudes.  Thus,  ooapared  to  auroral-oval  accel¬ 
eration  regions  those  in  the  polar  cap  appear  to  be  weaker  and  at  significantly 
higher  altitudes. 
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Figure  3.  -  HAPI  energy-time  spectrogram  for  DE-1,  day  295  of  19®1. 
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Figure  5.  -  Near-field-aligned  electron  populations 
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(a)  14:04  to  14:07  UT. 


(b)  14:16  to  14:19  UT. 


6.  -  MAPI  energy-time  spectrogram  of  0E-1,  day  272  of  1981 
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AURORAL/POLAR  CAP  ENVIRONMENT  ANO  ITS  IMPACT  ON 
SPACECRAFT  PLASMA  INTERACTIONS* 


Henry  8.  Garrett 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California  91109 


Ae  apaoa  ayatoas  baooae  nor a  ooaplox,  thay  have  dononstratad  an 
Inoraaalng  aanaltlvlty  to  the  apaoa  anvlronaant.  Although  tha  ahuttla  will 
not  In  ganaral  ba  In  orbit  long  enough  to  auffar  aavara  radiation  exposure 
nor  nornally  experience  tha  "hot"  partlela  fluxaa  raaponalbla  for 
gaoaynohronoua  apaoaoraft  charging,  daletarloua  anvlronaantal  effect ■  are 
antlolpatad  ot  shuttle  altltudaa.  Tha  high  danalty  of  the  plaaaa  at 
ahuttla  altltudaa  la,  for  axaapla,  likely  to  Inoreaae  greatly  tha 
poaalblllty  of  arolng  and  shorting  of  axpoaad  high  voltage  aurfaoaa.  For 
allltary  alaslona  over  tha  polar  oapa  and  through  tha  auroral  zones,  tha 
addad  hazards  of  high  onargy  auroral  pertlole  fluxaa  or  solar  flaraa  will 
furthar  Increase  tha  hazard  to  shuttle,  Ite  crew,  and  Ita  alealon.  Tha 
purpoaa  of  thla  praaantatlon  la  to  revlaw  tha  role  that  tha  auroral  and 
polar  oap  anvlronaant  play  In  oaualng  these  Interaotlona.  A  alaple,  though 
ooaprshonalva  attaapt  at  aodalllng  tha  ahuttla  anvlronaant  at  400  ka  sill 
ba  daaorlbod  that  oan  ba  uaod  to  avaluato  tha  laportanoa  of  tha 
Interaotlona.  Tha  raaulta  of  this  evaluation  are  than  used  to  daflna  erase 
where  adaquato  anvlronaantal  aeaaureaents  all l  ba  naoaaaary  If  a  true 
apaoaoraft  Intaraotlona  taohnology  la  to  ba  developed  for  tha  ahuttla. 


INTRODUCTION 

Aa  tha  paoe  of  apaoa  activities  Increases  with  tha  advent  of  tha 
"ahuttla  era",  tha  oonoarn  of  engineering  and  aolantlflo  ooaaunltlaa  over 
poaelble  adverse  interaotlona  betwesn  tha  apaoa  anvlronaant  and  apaoaoraft 
ayataaa  has  grown  proportionally.  In  particular,  with  tha  desire  for 
largo,  high  voltage  struoturss,  ooat,  ooaplaxlty,  and  aanaltlvlty  of 
apaoaoraft  have  Inoraaeed  greatly.  The  necessity  for  long  (10  yaara  or 
wore)  alealon  durations  In  order  to  raooup  expensive  davalopwant  ooato  haa 
furthar  Intensified  tha  oonoarn  for  "endurable"  or  "ourvlvablo"  apaoaoraft. 
Although  wuoh  experience  haa  bean  gained  In  thaaa  aattara  over  tha  last  80 
yaara,  tha  faot  la  that  thara  are  still  Major  gaps  In  our  knowledge  of  how 
aysteoa  affaot  and  are  affaotad  by  the  envlronnsnt.  After  tha 
gaoaynohronoua  anvIronMont,  which  haa  bean  etudlad  extensively  over  tha 
last  daoada,  tha  earth's  polar  and  auroral  envIronMonta  at  ahuttla 
altltudaa  poaa  tha  graataat  risks  to  future  apaoa  aystawa.  Tha  objsotlve 
of  thla  study  Is  to  review  tha  capabilities  that  ourrently  exist  to  predlot 
tha  ahuttla  auroral/polar  anvlronaente  and  to  oospore  thaaa  predlotlona 

•This  paper  presents  tha  raaulta  of  one  phase  of  rasearoh  oarrled  out  at 
tha  Jet  Propulsion  Laboratory,  California  Institute  of  Taohnology,  under 
oontraot  NAB  7-BIB,  aponaorad  by  tha  National  Aeroneutlos  and  Bpaoa 
Adalnlstratlon  and  by  tha  Air  Poroo  Oaophysloe  Laboratory. 
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with  similar  ones  for  tho  equatorial  environment.  In  order  to  Unit  thw 
analysis,  this  study  will  only  consider  thw  environment  at  400  km  ovar  tha 
northarn  hamlaphara  during  wlntar.  Evan  with  this  Limitation,  tha  amount 
of  Information  oovarad  la  still  anormoua.  Aa  a  raault,  wa  hava  furthar 
raatrlotad  tha  study  to  periods  of  high  solar  (sunspot  number,  R,  of  100) 
and  gaomagnatlo  activity  (gaomagnatlo  activity  Laval,  Kp,  of  80).  Tha 
emphasis  will  not  ba  on  tha  acouraoy,  but  rathar  on  tha  modala  nsoaaaary  to 
adaquataly  specify  the  shuttle  environment.  Listings  of  tha  actual  modala, 
data  for  other  locations  and  conditions,  and  reference.  to  modala  not 
oovarad  In  tha  report  can  ba  obtained  directly  from  tha  author. 

Tha  aacondory  object  cf  tha  study  la  to  determine  tha  relative 
Irportanoa  and  sensitivity  of  different  typaa  of  environmental  Interactions 
aa  a  function  of  tha  environment.  To  accomplish  this,  whara  possible,  tha 
modelled  environments  hava  bean  used  to  predict  tha  Laval  of  tho 
anticipated  Interaction.  Although  this  has  proven  to  ba  a  valuable  output 
from  tha  study,  tha  Interactions  modala  employed  wsra  by  necessity  quite 
elmplletlo  ao  that  tha  absolute  levels  predlotad  era  not  Intended  to  ba 
aocurata.  Rathar,  tha  raaulta  demonstrate  potential  parameter 
sensitivities  and  erase  whara  tha  environmental  modala  need  to  ba  Improved. 

Tha  report  la  organised  Into  4  sections  dependant  on  tho  environment 
balng  considered.  In  this  study,  only  tha  natural  atmosphero,  gaomagnatlo 
field,  Ionosphere,  and  auroral  environment  at  shuttle  altitudes  ware 
ooneldarod.  Modala  of  tha  ooamle  ray  flux,  radiation  Laval,  solar 
alsotromagnatlc  flux,  amblant  electric  field,  gravity  field,  and  dabrla 
environment  will  ba  presented  at  a  later  time.  For  aaoh  of  the 
environments  studied,  an  Interaction  la  modelled.  For  tha  nautral 
environment,  tha  drag  la  oomputod.  For  tha  gaomagnatlo  field,  tha  Induced 
vxB  electric  field  Is  eatlmatod.  For  tha  Ionosphere  and  auroral 
anvl ronmanta,  tha  vehlole  to  spaas  potential  la  aotl mated.  Tha  raaulta  of 
this  analysis  damonatrata,  as  would  ha  anticipated,  that  there  are  Indeed 
major  dlffaronooa  In  tho  environment  between  tha  equatorial  and 
auroral/polar  environments  that  are  raflaotad  In  tha  Interactions. 

THE  NEUTRAL  ATMOSPHERE 

By  far  tha  major  anvl ronmantol  faotor  at  shuttle  altitudes  la  tha 
earth's  amblant  nautral  atmoaphara.  Whether  It  ba  through  drag  or  tho 
recently  discovered  Interactions  with  atomic  oxygen,  tha  affect  of  tha 
nautral  atmoaphara  (predominately  tha  nautral  atomic  oxygen)  on  apaoeoraft 
dynamics  and  surfaces  greatly  exoeods  any  rf  the  other  affaote  that  will  ba 
considered  In  this  report.  Currently  there  exist  s  number  of  models  of  the 
earth's  neutral  atmoaphara.  Thaos  modala  are  based  on  differing  ratios  of 
data  and  theory.  Tha  3  main  sources  of  data  at  shuttle  altitudes  hava  bean 
neutral  mesa  spectrometers,  accelerometers,  and  orbital  drag  calculations. 
Without  going  Into  detail,  most  modala  attempt  to  fit  tha  observations  with 
soma  form  of  an  algorithm  that  Includes  tha  exponential  fall  off  of  tho 
nautral  density,  the  affaota  of  increasing  solar  activity  (particularly  In 
the  ultraviolet),  tha  local  time,  and  gaomagnatlo  aotlvity.  Of  these,  the 
largo  variations  aaeoalated  with  Increasing  geomagnetic  aotlvity  (and 
aubaaquant  heating  of  tha  atmoaphara)  hava  eluded  adequate  modelling  by 
this  fitting  proosaa.  Unfortunately,  It  la  dear  from  many  sources  (aaa, 
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for  example,  ref.  1)  that  that*  variations,  particularly  In  density,  ovar 
tha  auroral  zona  oftan  dominate  tha  nautral  environment  and  that  to  data  no 
adaquata  Method  of  Inoludlnfl  thaaa  affaota  In  the  aodala  has  baan  davlaad 
(aoaa  reoant  vary  aophl atl oatad  thaoratloal  computer  aodala  do  hold 
proalaa,  however). 

With  tha  preceding  caveat  In  wind,  2  aodala  were  U8ed  to  ooapute  the 
variations  In  drag  due  to  tha  neutral  ataaaphara  at  400  km.  Thaaa  ara  the 
Jacchla  1972  model  (raf.  2)  end  the  MS'S  model  (rafa.  3  and  4).  These 
models  ara  readily  available  In  ooaoutar  format  and  have  baan  wall 
davalopad  ovar  tha  last  daoada.  For  tha  purposes  of  this  study,  tha 
Jacchla  1872  modal  results  ara  praaantad  (tha  M8IS  modal  results  deviate  by 
about  20%  from  tha  Jaeohla  values  on  the  average — a  relatively  email  value 
given  tha  muoh  lorgar  average  uncertainties  In  the  models  themselves). 
Figure  1  Illustrates  tha  type  of  output  that  can  ba  obtained.  Aa  stated 
earlier,  tha  results  ara  for  tha  northern  hemisphere  (tha  reader  la  looking 
down  on  the  north  pole  with  tha  projection  In  tarme  of  equal  latitude 
Intarvala)  and  400  km.  The,  geomagnetic  conditions  for  tha  modal  ara  for 
FI 0.7*  22  x  10”2D  W-m*-Hx“’  (the  solar  radio  flux  at  10.7  om;  believed  to 
ba  proportional  to  tha  extrema  ultraviolet  flux)  and  Kp*80.  Thaaa  give  an 
exospheric  temperature  of  about  1600  °K. 

Several  features  ara  apparent  In  tha  figure.  First  la  tha  two-fold 
Increase  In  density  from  midnight  to  noon.  Further,  thara  la  tha 
pronounoad  shift  by  2  hours  of  tha  peak  In  the  density  and  temperature 
maxima  away  from  looal  noon.  This  wall  know  phenomena  results  from  tha 
rotation  of  tha  earth  and  oauaas  tha  peak  In  atmospheric  heating  to  ocour 
after  local  noon.  Tha  figure  shows  no  olaar  feature  aasoolatad  with  tha 
auroral  zona.  This  la  directly  dua  to  tha  averaging  toohnlquas  used  In 
deriving  aodala  of  this  typa  which  smooth  out  the  density  wavas  actually 
observed  ovar  tha  auroral  zone.  Evan  so,  tha  model  results  ara  useful  In 
estimating  the  levels  of  atmospheric  drag  and,  whan  tha  processes  ara 
batter  known,  tha  Levals  of  shuttle  "glow"  and  surfaoa  degradation. 

Tha  major  affaota  of  tha  nautral  atmosphere  at  400  km  result  from  tha 
Impact  of  nautral  particles  on  spacecraft  surfaces.  This  causes  drag  and 
surface  damage.  The  standard  expression  for  the  drag  force  la: 

F(drag)  *  1/2  pV2  CD  A  = 

*  —(300  -  5000)  dynes  (1) 

where:  .K 

p  *  10  g/eir  at  400  kM 

CD  *  drag  coefficient  *  2.2  -  4.0 

A  *  crosezsectlonal  area  of  spacecraft 

■  ~50  wr  (Frontal)  for  shuttle 

*  -400  er(Base)  for  shuttle 
V  *  spacecraft  velocity 

*  7.6  km/a 

Comparing  thaaa  values  with  Figure  1,  It  la  evident  that  uncertainties  In 
the  orientation  of  tha  ehuttle  and  laok  of  knowledge  In  tha  drag 
coefficient  ara  equal  to  or  greater  than  variations  In  tha  neutral 
environment  at  thaaa  altitudes.  Given,  however,  the  vary  real  uncertainty 
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In  tha  effaots  of  auroral  heating,  It  Is  alao  apparant  that  thaaa 
variations,  If  thay  ara  graatar  than  a  faotor  of  10  (which  thsy  oan  be), 
will  ba  tha  aajor  contributor  to  unoartalntlaa  In  nautral  drag 
oalculatlona. 


MAGNETIC  FIELD 

Aalda  frre  tha  gravitational  flald  of  the  earth,  the  geoaagnetlc  fluid 
at  ahuttla  altitude*  la  tha  aoat  accurately  known.  It  can  ba  orudaly 
aodallad  In  teratjf  a  tUtad  Ml0  froa  geographic  north)  aagnatle  dlpola 
of  aagnltuda  0x10*°  G-ca3.  Nuaaroua  accurate  aodala  of  thte  field  exlat. 
Here  wa  have  uaad  tha  POSO  aodal  (rafa.  5  and  6)  aa  It  la  tha  baala  of  tha 
International  Rafarenoa  Ionoaphare  (IRI)  nodal  anployad  In  tha  naxt 
auction.  Thle  aodal  la  a  straight  forward  axpanslon  of  flta  to  tha  aarth'a 
aagnatle  field  In  taraa  of  apharloal  harnonloa.  Tha  total  aagnatlo  field 
aagnltuda  at  400  ka  according  to  thla  aodal  la  praaantad  In  Figure  S.  Tha 
aurfaca  field  la  seen  to  vary  froa  a  alnlaua  of  0.25  G  near  tha  aquutor  to 
0.5  G  over  tha  polar  oapa.  Tha  axlatanca  of  2  peaks  In  tha  aagnltuda  la 
real  and  raflaota  tha  trua  ooaplexlty  of  tha  aagnatle  field  in  tha 
auroral/polar  eap  raglona  (notat  If  vaotor  ooaponanta  had  baan  Included  In 
thla  figure,  It  would  have  baan  obvious  that  tha  aaxlaua  at  270°  east 
longitude  Is  tha  true  "dip"  aagnatlo  pole).  Geoaagnetlc  atora  varlatlona 
ars  typically  laaa  that  .01  Q  ao  that  avan  during  a  severe  geoaagnatlc 
atora,  aagnatlo  fluctuations  would  ba  aaall  coaparad  to  tha  average  field— 
a  aarkad  contraat  with  tha  atnoapherlo  and  lonospharlo  anvl ronaantsl  Evan 
ao,  the  grnat  ooaplexlty  of  tha  aagnatlo  field  over  tha  polaa  aakaa  It 
dlffloult  to  uae  aagnatle  guldanoe  syataaa  In  these  raglona— a  fact  Long 
known  to  navigators. 

Besides  aagnatlo  torquaa  (which  ara  vary  systaa  dependant),  tha 
earth's  aagnatlo  field  oan  Induoe  an  eleotrlo  field  In  a  large  body  by  tha 
vxB  af f sot t 


E  «  0.1  (vxB)  V/a  ■  0.3  V/a 


(2) 


where: 

v  *  apacaoraft  valooty  * 

■  7.8  ka/s 
B  -  0.3  G 

Since  tha  shuttle  Is  roughly  IS  a  x  24  a  x  33a,  potentials  of  10  V  could  ba 
Indueed  by  this  sffaot.  Aa  systsas  grow  to  ka  or  large  dlaenalone,  tha 
Induoed  fields  will  grow  aooordlngly. 

In  Figure  2,  tha  Induoed  electric  field  for  a  vehicle  of  -80° 
Inclination  has  been  ooloulatad.  As  would  ba  anticipated,  tha  largest 
eleotrlo  fields  ara  assn  over  tha  polar  caps.  Tha  aablent  anvlronaent  oan 
alao  produoe  atrong  electric  fields  In  the  auroral/polar  raglona.  ALthough 
not  shown  hare,  thaaa  flalds  can  roach  values  of  nearly  100  aV/a  (sea  ref. 
7)— a  sizable  fraotlon  of  tha  Induced  field.  These  flelde  ara  elan 
ooaparabla  to  tha  fields  naoasaary  to  daflaot  ohargad  particles  In  this 
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snvlronesnt  as  ths  partlolas  huva  aablent  energies  of  typically  0.1  aV  (ran 
energies  for  tha  Ions  Ilka  oxygon  oan  roach  several  aV,  hosovsr)  and  thua 
■uat  b*  takan  Into  account  whan  studying  Ionospheric  fluxes. 


I0N08PHERE 

Given  the  laportanos  of  ths  Ionosphere  to  radio  nnd  radar  propagation, 
It  Is  surprising  to  find  that  ralatlvsly  fat;  eodsla  are  available  for  tha 
Ionosphere.  Laos  surprising  Is  tha  foot  that  eost  of  theca  nodale  only 
predlot  electron  dertsltlos —  ths  Most  readily  Meeeuresblo  quantity  by  ground 
naans  and  the  Most  laportant  to  radio  propagation.  The  principle 
Ionospheric  aodal  available  based  on  obearvatlone  Is  the  International 
Reference  Ionosphara  (raf.  8).  This  Is  the  only  readily  available  ooeputar 
Modal  that  gives  the  electron  and  Ion  ooMpoeltlon  and  teepereture  aa  a 
function  of  longitude,  latitude,  altitude  (88  to  1000  kn),  solar  activity 
(by  aaans  of  the  aunapot  nunber,  R),  and  ties  (year  end  looel).  Although 
the  aodsL  la  obviously  Halted  (It  Is  oonflnad  to  ft  values  of  100  or  less 
whereas  R  values  of  800  or  greater  ney  ooour  during  solar  aexlaua),  It 
nonetheless  Is  the  "beat"  available  oonprehenelva  aodal  of  tha  Ionosphere. 

In  Figures  3  and  4,  for  tha  northern  henlephera,  are  presented  several 
oxanples  of  tha  output  fron  tha  ZRI  aodal.  Figure  3  preeanta  the  aleotron 
nuabar  density  and  tsMperature  at  400  kn  for  R*100  In  Daoenber.  Unllka  ths 
nautral  tsaperature,  the  slsotron  teaperature  Increases  by  a  factor  of  8  In 
going  fron  tha  equator  to  tha  pole.  Like  the  neutral  density,  however,  the 
peak  In  the  elaotron  density  again  Is  shifted  by  sbout  8  hours  fron  local 
noon. 


At  400  ka,  tha  Ionosphere,  prlnarlly  beoeusa  of  tha  corresponding  high 
level  of  nautral  oxygen,  Is  doainsted  by  oxygen  lone  (48*  near  looel 
Midnight  and  below  30®  latitude  to  87*  over  the  pole).  Values  for  oxygen 
are  presantad  In  Figure  4.  The  teaperature  Is  aesuaed  to  be  the  seas  for 
all  Ion  epeeles  In  this  nodal  (l.s.,  for  0  ,  H  ,  He,  Oo  »  and  NO*)  and  oen 
not  for  phyeloal  raaaons  aver  exceed  the  electron  teaperature. 
Unfortunately,  at  400  ka  for  R»100  or  larger,  the  IRI  aodeL  will 
occasionally  predlot  Ion  tsaperaturss  far  in  exoesa  of  the  wleotron 
teaperature.  This  reflects  the  fact  that  ths  aodal  Is  based  on  a  Halted 
set  of  data  (R<100)  end  needs  laproveaent.  Theoretical  Models  exist  thot 
avoid  this  problea  but  these  nodels  ars  still  too  ouabersone  to  be  usable 
on  all  but  the  largest  ooaputsrs. 

In  Flguru  8,  using  a  slapla  1-dlaenslonal,  "thin  sheath"  raa  nodal  for 
Ion  collaetlon  (described  In  ref.  B),  potentials  for  the  oasu  of  no 
secondary  ealealon  and  no  photoalectron  current  were  oaloulated  based  on 
Figures  3  and  4.  Tha  epaoeoraft  to  epees  potential  varied  froa  -0.8  V  at 
the  equator  to  -0.7  V  at  the  pole— In  rough  agraeaent  with  observations 
(ref.  8).  Thus,  based  on  ths  ZRI  aodal  envlronaant  alone,  spaoscraft 
charging  should  not  be  a  conoern  (note:  tha  high  plasaa  density  will, 
however,  anoourage  pleuae  Interactions  with  exposed  high  potential  surfaces 
as  discussed  slsewhare  In  this  book). 


AURORAL  ENVIRONMENT 


The  noet  dranatlo  changaa  In  the  earth's  envlronnant  at  ahuttla 
altltudaa  ara  brought  about  by  gaonagnatlc  eubatorne.  Thaaa  changaa  ara 
raflaotad  In  vlelble  auroral  dlapLaya  and  In  Intanaa  partlcla  and  flald 
varlatlona  In  tha  auroral  region  at  ahuttla  altltudaa.  In  thla  section,  a 
elnple  auroral  flux  nodal  baaad  on  data  provldad  by  tha  Air  Poroa 
Gaophyalea  Laboratory  (oourtaay  M.  Gnlddy  and  D.  Hardy;  aaa  papara  by 
Balddy  and  Hardy,  thla  voluaa)  la  praaantad  In  ordar  to  aatlnata  thaaa 
affaota.  Tha  data  aara  provldad  In  tha  forn  of  7  aata  of  color  oontour 
plota  of  tha  alaetron  nunbar  flux  and  anargy  flux  In  Intarvala  of  Kp  fron  0 
to  8.  Tha  plota  aara  orudaly  approxlaatad  by  a  olapla  analytic  function  In 
gaoaagnatlo  looal  tlaa  and  latltuda  and  tha  gaonagnatlo  Kp  indax. 
Although,  tha  AFOL  data  aara  for  about  BOD  kn,  no  attaapt  haa  baan  aada  to 
oorract  for  altltuda  In  thla  aodal. 

Tha  oruda  aodal  davalopad  froa  tha  AFGL  data  aaa  uaad  to  aatlaata  tha 
auroral/polar  cap  alaotron  taaparatura  and  nuabar  danaltlaa.  Thaaa  raaulta 
far  tha  northern  alntar  haalaphara  and  a  Kp  of  0L  ara  ahoan  In  Flgura  8. 
Thay  laply  that  there  la  a  paak  In  tha  danalty  of  tha  auroral  alaotron  flux 
of  about  1000  on*3  In  tha  noon  aaetor  ahlla  tha  auroral  alaotron 
taaiparatura  la  1  kaV  In  tha  poat-nldnlght  aaotor.  Although  tha  validity  of 
thla  oruda  raault  will  naad  to  bo  eonparod  with  tha  actual  AFGL  data  whan 
thay  banoaa  aval  Labia,  tha  ronga  of  valuaa  ahould  at  leaat  ba  Indicative  of 
tha  oharootarlatloa  of  tha  ovoraga  auroral  fluxaa  (oonparlaona  with  othar 
data  aouroaa  boar  thla  out). 

Tha  raaulta  In  Flgura  8  oan  ba  uaad  In  conjunction  with  tha  IRI  data 
at  400  kn  to  aatlnata  tha  oxpactod  varlatlona  In  apaoooraft  potential  In 
tha  auroral  zone  and  over  tha  polar  oapa  (note:  tha  auroral  Ion  fluxaa 
ahould  not  contribute  ol gnl fl cantly  to  tha  anblant  Ion  currant  ao  that 
thalr  exclusion  ahould  not  aerloualy  altar  tha  raaulta).  Whan  thla 
calculation  we*  oarrlad  out,  thara  aaa  little  or  no  ohanpo  fron  the  raaulta 
In  Flgura  8.  Thla  la  not  eurprlalng  aa  It  la  generally  believed  that  the 
average  auroral  flux  lavala  aaldon  axoaod  tha  anblant  Ion  and  alaotron 
lonoepherle  fluxaa. 

In  ordar  to  aatlnata  ahat  auroral  flux  lavala  ara  In  fact  nacaaaary  to 
bring  about  algnlfloant  Inoraaaaa  In  tha  apaoaoraft  potential  In  the 
auroral/polar  oap  raglone,  tha  alaotron  danalty  and  taaparatura  In  Flgura  6 
aara  Inoraaaad  by  varying  faotora.  Changaa  of  a  faotor  of  10  In  elthar  tha 
tanparatura  or  danalty  had  llttla  affect  on  the  potential.  A  faotor  of  10 
In  both  tha  alaotron  danalty  and  taaparatura  did,  however,  bring  about  a 
algnlfloant  Inoreeae  l.i  tha  potential— railing  It  fron  a  fan  tantha  of  a 
volt  negative  to  aaveral  thouaanda  of  volte  In  tha  early  afternoon  aaotor. 
Thaaa  raaulta  ara  llluetrated  In  Flgura  7.  8uoh  a  large  Increaee  In  tha 
auroral  flux  nay  aaun  unraallatlc  but  a  oaraful  review  of  auroral  data  doaa 
laply  that  oooaaalonally  Intense  fluxaa  10  to  100  tinea  that  of  tha  avaraga 
flux  nay  Indead  oocur  over  narrow  raglone  In  tha  auroral  zone  (aaa,  for 
axanpla,  Burka,  thla  conference)* 


In  oarrylng  out  tha  potential  analysis,  It  wae  found  that  the  datalla 
of  the  aaauaed  charging  nodal  greatly  affaotad  the  reaulta.  Specifically, 
If  a  1-dlnanalonal,  thin  ehaath  nodal  aaa  aauuned,  the  auroral  potential* 
oould  reach  -8000  V  when  the  Ion  return  ourrant  aaa  equated  to  the  cold 
anblant  Ion  ourrant.  If  the  Ion  return  ourrant  aaa  aaauaed  to  be  the  ran 
ourrant,  aa  aaa  dona  hare,  the  potential,  aaa  about  -1800  V  naxlnua  (thla  la 
probably  tha  nora  "realistic"  aaaunptlon).  If  on  the  other  hand  tha  Ion 
return  ourrant  In  tha  oharglng  nodal  aaa  aa«unad  to  be  for  the  think 
aheath,  orbl t-llnltad  case  auah  aa  nornally  aaauaed  at  geoaynohronoua 
orbit,  tha  potential  aa*  only  -1  to  -8  VI  Thla  sensitivity  to  the  detail* 
of  tha  anount  of  return  ourrant  la  to  ba  expected  given  the  alnpllolty  of 
tha  charging  nodal  and  It*  raaolutlon  a  1 1 1  naad  to  aaalt  tha  davalopnant  of 
nor*  aoourate  charging  node  la  for  tha  oondltlona  at  ahuttla  altitude*. 


CONCLUSIONS 

Thla  paper  haa  brought  together  noat  of  tha  alananta  needed  to  forn  a 
oonplata  nodal  of  tha  anblant  ahuttla  anvlronnant  for  tha  purpoa*  of 
atudylng  apaoaoraft  Interaction*.  Enphaala  haa  bean  on  nodalllng  tha 
Intaraotlona  In  tha  auroral/polar  oap  region*  nhero  It  aaa  danonatratad 
that,  although  nodal*  of  tha  average  anblant  anvlronnant  (neutral 
partlolaa,  field*,  lonoapharlc  particle*,  and  aurora l/polar  oap  fluxaa)  are 
probably  aatlafaotory  for  nany  Interaction  atudy  purpoaaa,  tha  Intana* 
variation*  in  tha  auroral  xona  are  not  adequately  nodallad.  Thaaa 
variation*  era  known  fron  In-altu  obaarvatlona  to  axlat  and  to  raault  In 
aavaral  order*  of  nagnltude  Inoraaa*  In  tha  ohargad  partlola  fluxaa  and 
atnoapharlo  heating  nhloh  oan  alnllarly  altar  tha  nautral  oonpoatlon.  It 
la  only  relatively  recently  that  long  tarn  atatlatloal  atudlaa  and  axanplaa 
of  axtrana  oaaaa  have  baoono  available.  It  la  to  b*  anticipated  that,  In 
tha  near  future,  nodala  of  tha  avlronnant  will  bacon*  InoraaalngLy 
aophlatloatad  and  oapabla  of  being  uood  In  nodalllng  affaota  auoh  aa 
apaoaoraft  oharglng  auoh  nora  aoourtaly  than  presented  hera.  Evan  *o,  tha 
raaulta  praaantad  ahould  aaalat  ourrant  Interaction  atudlaa  In  battar 
aaaaaalng  average  level*  of  affaota  In  tha  auroral/polar  regions  and  In 
ooaparlng  equatorial  and  auroral/polar  anvlronnant*.  The  prooaa*  of 
presenting  the  nodole  haa  aleo  olaarly  Indicated  where  Inprovananta  need  to 
ba  nada  In  tha  existing  nodala.  Thla  Is  particularly  true  In  tha  oaaa  of 
tha  auroral  nodal  duo  to  the  varying  seneltlvlty  of  tha  principle 
interaction  to  changes  In  tha  anblant  anvlronnant  (1.*.,  apaoaoraft 
potential  oeloulatlonaj. 

P.  McConnell,  N.  Haral,  end  J.  Blavln  of  JPL  asalatad  In  the 
oolleotlon  and  davalopnant  of  nany  of  the  nodal*  listed  In  thla  report. 
Any  Infornatlon  on  listings  nay  b*  obtained  through  than  or  the  author 
dlraotly. 
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Figure  5.  -  Polar  view  as  In  figure  1  of  $pacecraft-to»space  potentials  pre¬ 
dicted  for  IRI  model.  Potentials  were  computed  assuming  that  the  Ion  current 
was  proportional  to  the  Ion  ram  flux  (see  text)  and  that  there  were  no  sec¬ 
ondary  or  photoelectrcn  currents. 
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(b)  Temperature  of  the  auroral  electron  flux  at  400  km.  Units  are  "K 
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ELECTRIC  FIELD  EFFECTS  ON  ION  CURRENTS  IN  SATELLITE  WAKES* 


D.  E.  Parks  and  I.  Kati 
S-CUBED 

La  Jolla,  California  92038 


Small  currents  associated  with  satellite  spin,  dielectric  conduction,  or 
trace  concentrations  of  H+,  can  have  a  substantial  effect  on  the  potential 
of  a  satellite  and  the  particle  currents  reaching  Its  surface.  The  Importance 
of  such  small  currents  at  altitudes  below  about  300  km  stems  from  the  ex¬ 
tremely  small  0*  currents  Impinging  on  the  w*ke-s1de  of  the  spacecraft. 

The  focus  of  the  present  study  Is  the  particle  current  on  the  downstream 
side  of  the  AE-C  satellite.  Theoretical  estimates  based  on  a  newly  described 
constant  of  the  motion  of  a  particle  Indicate  that  accounting  for  small 
concentrations  of  H+  remove  a  major  discrepancy  between  calculated  and 
measured  currents. 


1.  INTRODUCTION 

Many  studies,  both  theoretical  and  experimental,  have  been  made  of  the 
Interaction  between  a  satellite  and  the  near  earth  plasma  (refs.  1-11).  The 
present  study  concerns  charged  particle  current  on  the  wake-side  surface  of  a 
spacecraft  In  the  earth's  Ionosphere,  where  the  vehicle  Is  mesothermal;  Its 
speed  V0  exceeds  the  thermal  velocity  of  plasma  ions  but  Is  much  less  than 
tne  thermal  velocity  of  the  ambient  electrons. 

In  our  analysis  calculated  currents  are  compared  with  those  that  have 
been  observed  by  Samir  et  al.  (ref.  10)  on  the  Atmosphere  Explorer  C  (AE-C). 
The  AE-C  experiments  are  weTT  suited  to  our  purpose,  since  Its  rate  of  spin, 
as  well  as  the  plasma  densities,  constituents  and  temperatures  were  known. 
Moreover,  measurements  were  conducted  at  night,  thus  avoiding  complications 
associated  with  active  solar  arrays. 

Measured  satellite  voltages  were  in  the  range  V  -  9-100,  where  the 
electron  temperature  0  is  In  electron  volts.  These  results  exceeded 
theoretical  estimates  based  on  balance  between  Ion  and  electron  current  on  a 
conducting  surface  by  a  factor  ~2„0-2,5,  Theoretical  surface  potentials  were 
also  substantially  less  than  expected  from  1on-0+  current  balance  at  each 
point  of  a  dielectric  surface.  In  a  previous  work  It  was  shown  that  ac¬ 
counting  for  either  rotating  currents  of  charge  embedded  in  the  dielectric  or 
small  concentrations  of  H+  suffice  to  bring  theory  and  experiment  Into  con¬ 
formance  (ref.  12).  The  calculated  voltages  reported  in  Reference  12  will  be 
used  In  the  calculations  of  current  given  In  Section  3. 

■*  This  work  supported  by  Air  Force  Geophysics  Laboratory,  Hanscom  Air  Force 
Base,  MA,  under  Contract  No.  F 1 9628-82 -C-0081. 
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The  reported  charged  particle  densities  1g  the  ambient  plasma 
encountered  by  AE-C  are  In  the  range  l<r-106  cm3,  with  equal  electron 
and  Ion  temperatures  ©  -  0.1  eV,  corresponding  to  ambient  Debye  lengths 
>0  <  3  cm.  The  Ionic  components  of  the  plasma  are  the  singly  charged 
species  of  atomic  oxygen,  0+,  and  atomic  hydrogen  H+.  Our  primary  focus 
will  be  In  the  altitude  regime  below  about  300  km  where  0  Is  the  dominant 
Ion  In  the  ambient  Ionosphere  and  in  the  far  wake  trailing  the  satellite.  In 
the  highly  evacuated  wake  region  near  the  surface  of  the  satellite,  however, 

H+  may  be  the  dominant  Ion  (ref.  13). 

Particle  densities  and  currents,  especially  In  the  rarefied  wake 
downstream  of  the  satellite,  are  the  most  difficult  to  determine.  Indeed  the 
question  of  wake  structure  is  the  most  Intensively  studied  aspect  of 
Interactions  between  a  spacecraft  and  the  Ionosphere  (refs.  4-11).  In  the 
quiescent  environment  of  the  equatorial  Ionosphere,  where  satellites  can 
develop  potentials  of  several  times  0,  Ion  currents  to  the  satellite  surfaces 
facing  upstream  are  little  affected  by  electric  and  magnetic  fields  and  may  be 
calculated  in  the  neutral  approximation  (ref.  1),  as  If  particles  moved  In 
straight  lines  with  constant  speed.  The  manner  of  estimating  current  to 
surface  elements  on  the  wake-side  of  a  high  Mach  number  vehicle  1$  much  less 
clear.  One  might  suppose,  for  example,  that  electrical  forces  may  attract 
substantially  greater  currents  than  estimated  on  the  basis  of  straight  line 
orbits.  In  Section  2,  we  will  Invoke  constants  of  the  motion  In  an  axi- 
symmetrlc  potential  field  to  determine  that  0+  number  and  current  densities 
at  the  wake-side  pole  of  a  non-emitting  sphere  at  an  altitude  of  a  few  hundred 
kilometers  are  several  orders  of  magnitude  above  neutral  approximation  den¬ 
sities.  The  wake-side  0+  currents  remain  small,  however,  relative  to  H+ 
currents,  and  calculations  presented  below  show  that  electric  fields  suffice 
to  Increase  the  H  currents  by  orders  of  magnitude  to  the  observed  level. 

Two  of  the  dynamical  constants  used  In  the  calculation  are  the  energy 
and  the  axial  component  of  angular  momentum;  the  third  Is  a  less  well  known 
constant  of  the  motion  which  applies  for  potentials  of  the  form  V0(r)  « 
f(«)/rz  where  e  Is  the  polar  angle  and  r  the  distance  In  a  spherical  co¬ 
ordinate  system.  It  reduces  to  the  total  angular  momentum  In  the  limit  of 
spherically  symmetric  potentials. 

The  general  physical  assumptions  underlying  the  model  developed  In  the 
subsequent  sections  of  this  paper  are  that 

1.  The  plasma  Is  colllsionless  and  quiescent. 

2.  The  geomagnetic  field  has  a  negligible  effect  on  particle  motion  In  the 
spacecraft  sheath. 

3.  In  the  plasma  rest  frame,  the  unperturbed  Ions  have  Maxwellian  velocity 
distributions  with  finite,  equal  temperatures. 

4.  Ions  are  neutralized  on  impact  with  a  surface. 

5.  The  spatial  dependence  of  Its  electron  density  distribution  Is  related 
to  the  space  potential  V,  through  the  Boltzmann  factor  exp(eV/9). 

Discussion  of  further  simplifying  approximations  of  a  more  special 
character  occurs  at  the  point  In  the  text  where  they  are  Introduced. 


2.  IQN  CURRENTS 


^  The  normal  component  of  ion  current  density  at  a  surface  element  located 
at  rs  on  the  body  is  given  by 


J 


/»  »  *  »  3^ 

v.n  f(r$,v)  d  v 

v.n<0 


(1) 


where  n  is  the  outward  normal  at  rs.  The  distribution  function  f(r,v)  at 
the  phase  space  point  satisfies,  in  general,  the  Vlasov-Polsson  system 
of  equations.  For  a  perfectly  absorbing  body  f  satisfies  the  boundary 
condition  f(rs,tf)  ■  0  for  v.n  >  0. 

Calculations  of  current  to  a  satellite  surface  often  use  the  assumption 
that  Ion  currents  to  the  satellite  are  given  by  the  neutral  approximation, 
which  neglects  the  Influence  of  electric  fields.  This  assumption  Is  quite 
good  at  the  front  (upstream)  surface  where  ions  reaching  the  satellite  have 
energies  (-5  eV  for  0+)  substantially  larger  than  electrical  potential 
energies.  The  situation  Is  less  clear  on  the  wake-side  where  electric  fields 
may  substantially  enhance  particle  and  current  densities  over  the  neutral 
approximation  values.  In  the  following  paragraphs,  this  problem  Is  addressed 
by  formulating  bounds  on  j ( )  and  n(r%5),  and  applying  these  bounds  for  an 
assumed,  non-stlf-consl stent  model  potential. 

The  normal  current  density  at  a  point  r.  on  the  surface  where  the 
potential  Is  V(?s)  can  be  written  (n^  «  e  -  1) 


(2) 


Here  v«-  (v0.  n0)  the  velocity  of  a  particle  at  ?s, 

»„  .  -X  -Wt)  a  >  >  0),  Old  1  .  (v.  if)  the  velocity  M  r 

tne  trajectory  that  connects  to  the  phase  space  point  (v0,  rs). 


■  oo  on 
If 


|dft0/dfl|  <  1 


(3) 


then 


J  <  jb  -  2/f0(v)  4  v2  -  V(rs))  v  dv  d  n  , 

'  '  <+• 
that  Is,  Jb  Is  an  upper  bound  on  the  normal  ion  current  density  at  rs. 
Similarly  the  particle  density  satisfies 

n  <  nb  -  / f0(v)  £  V  -  V(r$) j  v  dv  d  Q 
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The  bounds  established  here  require  the  Inequality  (3);  tha£  Is,  In  terms  of 
Inside-out  trajectories,  neighboring  orbits  emanating  from  r0  with  a  given 
energy  must  diverge  more  at  r  -  «  than  at  their  point  of  origin.  Although  the 
Inequality  (3)  appears  to  be  a  reasonable  assumption  for  attractive  poten¬ 
tials,  the  general  conditions  under  which  It  applies  have  not  been 
established. 

For  the  following  considerations,  we  take  a  spherical  satellite  In  the 
potential  V(r,e)  where  r  and  e  are  spherical  polar  coordinates  with  polar  axis 
In  the  direction  of  V0.  We  consider  model  potentials  of  the  form 

V  .  -r"2  f(e)  +  V0(r)  (6) 

where  V0(r)  Is  a  spherically  symmetric  potential.  The  asymptotic,  far  wake 
potential  has  In  fact  this  form  with  (ref.  1) 

V0(r)  -  0 


f(e)  ~  M2  a2  cos"2e  exp(-M2  tan2e)  (7) 

where  a  Is  the  radius  of  the  satellite.  For  the  discussion  below  the 
particular  form  of  f(e)  Is  arbitrary,  however,  and  may  be  chosen  to  fit 
potentials  near  the  satellite. 

The  utility  of  the  potential  of  the  form  In  equation  (6)  Is  that  a 
particle  moving  In  It  possesses  three  constants  of  motion.  In  addition  to 
energy  and  the  component  of  angular  momentum  about  the  polar  axis  the  quantity 


where  L  Is  the  magnitude  of  the  angular  momentum  about  r  -  0,  Is  conserved 
along  a  partlcl^,  trajectory.  This  follows  readily  upon  taking  the  scalar 
product  of  i  .  r  x  Vwlth  both  sides  of  the  torque  equation  (mi  ■  e  *  1) 


^.-rxVV  (9) 

taking  account  of  equation  (6)  for  V.  There  are  fewer  constants  of  motion 
than  for  V  >  V(r),  since  In  the  latter  case  the  direction  of  L  as  well  as  Its 
magnitude  Is  constant.  The  dynamical  constant  C  of  equation  (8)  Is  a  rigorous 
constant  for  potentials  of  the  form  (6),  and  should  not  be  confused  with  the 
Invariants  used  by  Samir  and  Jew  (ref.  14)  and  criticized  by  Laframbolse  and 
Whipple  (ref.  15). 

The  effective  potential  for  radial  motion  of  a  particle  Is  now  given  by 
Ve,f(r>  -  V0(r)  *  £5  (10) 
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With  this  Veff  we  can  solve  for  the  orbits  and  evaluate  the  bounds  on  Ion 
current  and  particle  densities  at  the  satellite  surface.  The  orbit  equations 
are  particularly  tractable  for  the  Interesting  case  of  particles  which  reach 
the  poles  of  the  sphere,  especially  the  wake-side  pole.  For  these  particles 
the  axial  component  of  angular  momentum  Is  rero,  the  orbits  are  planar,  and 
the  solution  of  the  equations  of  motion  Is  reducible  to  quadratures. 


1*1  f  19 

E.Jv--|r*  +  i^  +  VQ(r)  -  \  vj  +  VQ(a) 
r 


f<«„) 


C  ■  7  a2  Vq  (1  -  u^)  -  f{«0)  -  -  f( •) 


we  obtain 


•  • 

l  'i'T'fe'/ * 


\  *  WW  i  r[Er!  .  C  -  r2V0{rJ] 

for  the  final  direction  •  of  a  particle  launched  from  r  -  a,  e  -  »  In  the 
dlrectlqp  „0  with  speed  v0.  Here  u0  Is  the  cosine  of  the  angle  between 
v0  and  r0. 

Consider  now  a  positive  energy  particle  with  Initial  coordinate 
«g  >  i.  For  attractive  potentials,  the  orbits  will  appear  as  Indicated  In 
figure  1. 


^*0-0  |po|>o 
r«00  / 


|^o|- !-<?■  vr 


r»a 


Figure  1.  Schematic  diagram  of  Inside-out  orbits  starting  on  the  sphere  r  ■  a 
at  *  it. 


The  range  of  e  Integration  for  calculating  the  bounds  of  equations  (4)  and 
(5)  Is  generated  by  variations  of  between  0  and  1.  Here  we  have 
assumed  that  the  particles  are  not  attracted  back  to  the  surface.  This  affect 
however  can  only  decrease  the  particle  flux  at  the  point  of  Interest,  and 
therefore  does  not  Influence  the  nature  of  equations  (4)  and  (5)  as  upper 
bounds. 

To  proceed  further,  we  now  speclallie  to  potentials  of  the  form 


V0(r)  -  0 


j  <  «  <  * 


(14) 


■  0  0  £  e  <_ 

which  approximates  the  surface  potentials  given  by  Parks  and  Katz  (ref.  12). 
The  final  angle  at  r  -  «  on  the  Inside-out  trajectory  corresponding  to 
no  *  0  Is  given  by 
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and  the  limiting  angle  for  the  outside-in  orbit  Is 


(15) 


(16) 


When  the  velocity  distribution  remote  from  the  spacecraft  Is  Maxwellian,  Jb 
and  nb  are  given  by 

v2  +  v2 

T 


Jb"77?V?/e  ZVj  (iy2  +  IV<«)|)  g(v) 


dv 


(17) 


b  ■  T77  ¥^y  '  **T  (7  v2  +  |V(«)|)  ,(v)dv 


where 


(18) 
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(19) 


g(v)  -  exp[vV0  cos *«( v)/v|]  -  exp[-vVQ/Vj] 

3.  RESULTS 

Numerical  Integration  for  the  case  M  «  V0/ vj  -  8,  |V(t)|  -  15  vf 
gives  for  0+  Ions 

4:  ■  »•«  » 1(>'10 


"b 


2.64  x  10“U 


The  last  ratio  Is  to  be  compared  with  the  density  ratio 


6.22  x  10"16 


for  the  case  of  zero  electric  field.  Thus,  although  the  effect  of  electric 
field  may  be  to  yield  densities  several  orders  of  magnitude  larger  than  those 
obtained  In  the  neutral  approximation,  they  remain  extremely  small  In 
comparison  with  ambient  Ion  densities,  amounting  to  about  1  nr3  for 
N«  -  1011  mr*.  By  way  of  further  contrast,  the  Ion  density  ratio  Is 
also  small  compared  with  the  electron  density  ratio 


3.06  x  10”7  . 


Let  us  now  calculate  the  effect  of  electric  fields  on  the  density  of 
hydrogen  Ion  current  striking  the  wake  side  of  the  satellite  at  e  •  *.  The 
result  of  this  calculation  Is  Intended  to  throw  some  light  upon  the  Issue 
raised  by  Samir  and  Fonthelm  (ref.  16)  In  their  comparison  between  measured 
current  ratios  I(4)/I(90*)  and  those  calculated  from  Parker's  model  (refs. 
17,18).  Parker's  model  Is  based  on  solutions  of  the  Poisson  equation  In  which 
Ion  densities  are  determined  by  particle  tracking  techniques.  Only  one 
species  of  Ion  Is  treated,  however,  and  Its  mass  Is  the  mean  mass  of  Ions  In 
the  plasma.  Samir  and  Fonthelm  contend  that  the  two-to-three-order  of 
magnitude  discrepancy  between  measured  and  calculated  current  ratios  might  be 
removed  (1)  by  properly  treating  the  separate  Ionic  components  of  the  plasma, 
or  (2)  by  considering  the  non-steady  nature  of  the  plasma  environment.  The 
results  of  nur  calculations,  summarized  In  Table  1  below.  Indicate  that  proper 
treatment  of  the  hydrogen  component  of  the  plasma  suffices  to  remove  the 
discrepancy  between  theory  and  experiment. 

Several  observations  are  In  order.  First,  Table  1  shows  that  both  the 
measured  ratio  r  and  the  estimated  upper  bound  on  the  ratio  exceed  the  ratio 
estimated  from  the  neutral  approximation,  which  one  may  reasonably  expect  to 
be  a  lower  bound  on  r.  Second,  the  measurement  at  160  should  give  a  somewhat 
greater  ratio  than  would  be  observed  at  180* ;  the  neutral  approximation 


Tibi*  1,  Cmpurlson  of  Hmurud  wtd  C*leul«t«d  Current  R*t1ot<#) 


♦  ♦  (<*) 

R(H  )/H(0  ) 

2 

3 

5 

6 

1 ,2B(-3) 

1.07(-3) 

1.40(-3) 

4(-2) 

(jO80)/J(J(90)]j$ 

8,8(-6) 

7.4{-6) 

2.8(-«) 

2.8(-4) 

Jb(180)/J(90)(f) 

1.5<-2) 

1.3(-2) 

1.7(-2) 

0.48 

[j(160)/J(90)]|$T 

1.49(-2) 

21-7) 

5.8(-3) 

4(-2) 

(«)  Huwbtr*  In  p*r*ntbm*  glv*  pow«r  of  10  by  which  «dj«c«nt  •ntrioi  ir* 
miltlpHod. 

(b)  Cm  Identification  Is  th*  im  is  thit  In  Tsblo  2  of  Rtftronco  IS. 

(c)  Cats  1  <i  not  consldtrsd  bscauit  no  vilus  for  hydrogen  density  mss 
reported  In  Ref.  10.  Case  4  Is  not  considered  because  of  the  order  uf 
the  Magnitude  difference  between  Ion  densities  reported  In  Tablet  2  and 
3  of  Reference  10. 

(d)  Hydrogen  Ion  to  osygen  Ion  ratios  are  taken  fro*  the  lint  ewasureewntt 
glean  In  Tablet.  3  of  Reference  10. 

(•)  The  ratio  of  H*  and  0*  currents  at  180  and  90  ,  respectively, 
calculated  In  the  neutral  approximation. 

(f)  The  ratio  of  H*  and  0*  currants  at  180  and  90  »  respectively,  where 
jb  Is  the  bound  on  N  current  calculated  fro*  equation  (12)  using  a 
Vp/Vf(H)  ■  2.83. 

(g)  The  ratio  of  Matured  currents  at  180  and  90  . 

determines  that  the  former  would  be  only  about  20  percent  greater  than  the 
latter.  Third,  the  measured  current  Is  well  below  the  estimated  upper  bound 
In  cases  5  and  6,  slightly  below  It  In  case  2 ,  and  slightly  above  It  In  case  3. 

That  the  measurements  yield  a  value  slightly  In  excess  of  the  estimated 
upper  bound  could  be  attributed  to  the  approximate  nature  of  the  potential 
used  In  the  calculations,  to  the  fact  that  the  current  probe  was  at  a  distance 
of  about  0.5  R0  from  the  surface,  to  uncertainties  In  the  In  situ  if 
density,  or  possibly  to  other  factors.  We  believe  nevertheless  that  the 
results  in  Table  1  are  a  strong  Indication  that  accounting  for  H  ,  while 
Ignoring  the  non-steady  character  of  the  plasma,  suffices  to  remove  the  major 
discrepancies  between  measured  and  calculated  currents  Incident  on  the  wake 
side  of  the  AE-C  satellite. 


4.  SUMMARY 

To  determine  the  effect  of  electric  fields  on  the  wake-side  Ion 
currents,  we  have  developed  an  expression  for  the  upper  bound  on  the  current 
density  normal  to  an  element  of  surface.  To  be  a  rigorous  upper  bound  It  Is 
required  that  the  Jacobian  | d^>/d R |  be  less  than  unity.  Utilizing  the 
bounding  expressions  it  Is  shown  for  a  non-self-consistent  model  potential 
that  the  particle  and  current  densities  of  0*  Ions  at  e  -  w,  though 
substantially  enhanced  by  electric  fields  over  neutral  approximation  values, 
still  constitute  an  effect  that  is  small  In  comparison  with  the  effect  of  spin 
for  the  case  of  AE-C,  Finally,  accounting  for  the  effects  of  electric  fields 
on  the  small  concentrations  of  H*  In  the  ambient  plasma  appear  sufficient  to 
remove  the  major  discrepancies  between  measured  and  calculated  currents  on  the 
wake  side  of  the  satellite. 

The  effect  of  a  magnetic  field  in  the  absence  of  electric  fields  can 
only  be  to  reduce  Ion  currents  Incident  on  a  surface,  and  therefore  cannot 
account  for  the  vehicle  ground  potentials  observed  on  AE-C  (ref.  12).  The 
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combined  effect  of  electron  and  magnetic  fields  Is  not  considered  In  this 
paper. 


For  different  Ionospheric  satellites  In  different  environments,  for 
example,  In  polar  environments,  the  relative  Importance  of  the  various 
physical  effects  may  differ  from  that  found  for  AE-C  In  the  conditions  we 
Investigated.  Thus  for  satellites  subjected  to  fluxes  of  energetic  auroral 
electrons,  field  enhancement  of  wake-side  collection  could  be  a  substantial 
effect. 
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The  charged  particle  environment  In  polar  orbit  can  be  of  sufficient  in¬ 
tensity  to  cause  spacecraft  charging.  In  order  to  gain  a  quantatative  under¬ 
standing  of  such  effects,  the  Air  Force  is  developing  POLAR,  a  computer  code 
which  simulates  in  three  dimensions  the  electrical  interaction  of  large  space 
vehicles  with  the  polar  ionospheric  plasma.  It  models  the  physical  processes 
of  wake  generation,  ambient  ion  collection,  precipitating  auroral  electron 
fluxes,  and  surface  interactions,  including  secondary  electron  generation  and 
backscattering,  which  lead  to  vehicle  charging.  These  processes  may  be  fol¬ 
lowed  dynamically  on  a  subsecond  timescale  so  that  the  rapid  passage  through 
intense  auroral  arcs  can  be  simulated.  POLAR  models  the  ambient  plasma  as  iso¬ 
tropic  Maxwellian  electrons  and  ions  (0  ,  H+),  and  allows  for  simultaneous 
precipitation  of  power-law,  energetic  Maxwellian,  and  accelerated  Gaussian  dis¬ 
tributions  of  electrons.  Magnetic  field  effects  will  be  modeled  in  POLAR  but 
are  currently  ignored. 

The  theoretical  models  and  approximations  employed  in  POLAR  are  dis¬ 
cussed,  including  an  effective  process  for  stabilizing  the  Poisson-Vlasov  it¬ 
eration  process  in  the  short  Oebye  length  extreme.  A  preliminary  POLAR  cal¬ 
culation  is  presented  which  predicts  the  effects  of  measured  auroral  fluxes  on 
the  shuttle  orbiter,  and  demonstrates  the  combination  of  conditions  required 
for  substantial  differential  charging  of  the  orbiter. 

INTRODUCTION 

The  charging  of  the  space  shuttle  orbiter  in  the  polar  (auroral)  iono¬ 
sphere  has  been  investigated  by  Katz  and  Parks  (ref.  1).  In  that  paper,  the 
authors  argue  that  observed  precipitating  electron  fluxes  can  exceed  the  ram 
ion  flux  (~120  pA/n/  for  n  «  105  cm  ,  V  *  8  km/ sec).  This  implies  a 

possible  overall  current  balance  at  a  negative  potential  to  enhance  Ion  col¬ 

lection  and  retard  electron  fluxes.  Both  theoretical  and  experimental  (refs. 

2,  3,  4)  studies  have  shown  that  as  object  dimensions  become  large  with  re¬ 
spect  to  the  local  Debye  length,  space  charge  effects  will  severely  reduce  the 

ion  current  collection  compared  to  orbit  limited  theory.  This  leads  to  a 
"size-effect"  for  the  potential  buildup  on  objects  subjected  to  auroral  elec¬ 
tron  fluxes.  Katz  and  Parks  (ref.  1)  have  calculated,  for  a  conducting 


*This  work  supported  by  Air  Force  Geophysics  Laboratory,  Hanscom  Air  Force 
Base,  Massachusetts,  under  Contract  F19628-82-C-0081 . 
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sphere,  the  equilibrium  potential  as  a  function  of  K,  the  ratio  of  secondary 
electron  corrected  precipitating  electron. flux  to  the  secondary  corrected  ram 
Ion  flux.  For  a  beam  energy  of  5  KeV  and  K  -  3,  a  sphere  radius  to  Debye 
length  ratio  of  10  leads  to  a  potential  of  -100  volts,  whereas  a  size  ratio  of 
100  leads  to  a  potential  of  -1300  volts. 

The  space  shuttle  Is  many  times  larger  than  any  vehicle  that  has  been 
previously  flown  through  auroral  regions.  Consequently,  the  predicted  size- 
effect  on  vehicle  charging  suggests  that  past  experience  will  not  be  adequate 
for  predicting  and  understanding  the  Interactions  of  large  objects  with  the 
auroral  ionosphere. 

An  understanding  of  the  charging  dynamics  of  a  real  spacecraft  requires 
more  than  a  good  probe  theory.  Differential  charging  depends  on  the  often  com¬ 
plex  Interplay  of  differing  materials  and  their  spatial  relationships.  The 
sunlight  charging  of  ATS-6  (ref.  5)  provides  an  example  of  how  a  charging  sur¬ 
face  can  create  electrostatic  barriers  that  will  bootstrap  the  entire  vehicle 
to  a  highly  charged  state. 

Thus,  for  a  little  more  than  a  year,  S-CUBED  has  oeen  developing  the  com¬ 
puter  code,  POLAR,  with  the  following  design  criteria: 

•  Three-dimensional 

•  Quasistatic 

a  Flexible  plasma  parameters  Including  flow 

a  Magnetic  field  effects 

a  Complex  geometries,  electrical  model 

a  Material  effects 

a  Wake  model 

a  Self-consistent  inclusion  of  space  charge  effects 
a  Small  (core  storage) 

•  Fast 

The  preliminary  version  of  POLAR  is  nearly  complete.  This  paper  will  outline 
physical  models  and  computational  techniques,  review  the  current  program 
status,  and  present  preliminary  calculations  of  auroral  charging. 

POLAR 

Why  a  three-dimensional  code?  Results  from  a  3-D  code  can  be  compared 
directly  to  satellite  data  during  validation  without  the  interpretatlonal  un¬ 
certainties  that  spring  from  reduced  dimensional  inodels.  This  benefit  will 
ultimately  carry  over  as  POLAR  becomes  a  design  tool  for  structures  with 
limited  symmetry.  Also,  arbitrary  arrangements  of  vehicle  velocity,  magnetic 
field,  sun  angle,  and  vehicle  orientation,  can  only  be  properly  modeled  In 
three-dimensions.  It  can  be  argued  that  solving  problems  in  3-D  within  rea¬ 
sonable  machine  limits  can  compromise  the  accuracy  of  the  physics,  and/or  re¬ 
sult  In  an  Impractical  program.  With  this  In  mind,  the  POLAR  design  philoso¬ 
phy  dictates  the  limited  use  of  particle  tracking  methods  in  favor  of  coordi¬ 
nated  approximations  and  analytic  models. 

POLAR  Is  a  quasistatic  code.  That  is,  It  employs  Implicit  timestepping 
to  follow  surface  charging  where  timescales,  t,  are  determined  by  Incident  cur¬ 
rents  and  vehicle  capacitances  (10“3  sec  <  t  <  102  sec),  but  assumes  that 
the  plasma  environment  Is  always  In  steady  state.  In  the  future,  we  may  find 
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It  necessary  to  Include  wave  effects  and  turbulent  phenomena  by  the  use  of 
time  averaged  models,  diffusion  rates,  heating,  etc. 

The  lower  auroral  Ionospheric  environment  Is  summarized  in  Table  1.  The 
values  given  in  the  table  are  considered  typical,  but  none  are  fixed  in  POLAR 
where  these  and  other  parameters  (such  as  the  oxygen  to  hydrogen  Ion  ratio) 
are  variable  over  wide  ranges.  The  energetic  electron  spectrum  Is  currently 
modeled  as  a  sum  of  power  law,  hot  Maxwellian,  and  Gaussian  distributions. 

POLAR  presently  Ignores  the  magnetic  field;  however,  its  inclusion  Is  a 
current  effort.  Some  of  the  methods  under  study  for  Including  magnetic  ef¬ 
fects  are: 

Place  vx|  potential  gradient  on  the  vehicle. 

Include  B  In  Ion  trajectories  interior  to  sheaths. 

Pitch  angle  conics  for  the  energetic  electrons  (presently,  Isotropy  Is 
assumed).  + 

Modification  of  secondary  and  photoelectron  emission  where  B  parallels  a 
surface. 

Modification  of  secondary  anc(. photoelectron  surface  conductivities  in 
directions  perpendicular  to  B. 

We  now  outline  the  methods  used  In  POLAR  to  perform  charging  calcula¬ 
tions.  A  calculation  Is  broken  in  to  the  major  steps  listed  below: 

Vehicle  definition. 

Environment  specification  and  computational  grid  construction. 

Presheath  and  wake  Ion  density  calculation. 

Initial  surface  charging  using  flux  estimates. 

*  Poisson  and  electron  charge  density  calculation. 

*  Sheath  determination  and  particle  (Ions)  tracking  to  determine: 

sheath  Ion  densities 
lori  surface  currents 

*  Surface  charging. 

After  all  of  the  above  modules  have  been  executed  once,  the  *  items  are 
Iterated  upon  to  produce  a  final  solution.  At  this  stage  in  the  development 
of  POLAR,  only  neqative  surface  potentials  are  allowed.  Although  slightly 
positive  potentials  could  occur  under  natural  charging  conditions  due  to  sec¬ 
ondary  or  photoelectron  emission,  the  ambient  electrons  should  limit  positive 
potentials  to  a  few  kT  at  most.  With  this  constraint,  electrons  are  consid¬ 
ered  to  be  repelled  with  densities  given  bv  the  Boltzmann  expression,,  ne  - 
n0  exp(-qV/kT),  The  methods  used  to  calculate  the  attracted  Ion  densities 
are  described  later  In  this  paper. 

Positive  potentials  may  also  be  achieved  by  the  emission  of  electrons 
(ref.  6),  The  physics  of  electron  collection  In  the  lower  Ionosphere  appears 
more  complex  than  the  collection  of  Ions  due  to  turbulent  processes  in  both 
the  emitted  beams  and  In  the  ambient  plasma  (refs.  7,  8).  Thus,  spacecraft 
generated  high  positive  potentials  are  not  now  considered  In  POLAR  but  will  be 
addressed  In  future  work. 


OBJECT  DEFINITION 


POLAR  objects  are  built  from  the  same  set  of  blocks  used  In  NASCAP  (ref. 
9)  with  the  addition  of  slanted  thin  plates  and  the  exclusion  of  booms.  These 
blocks  are  illustrated  In  figure  1.  These  blocks  can  be  easily  combined  to 
construct  complex  objects  as  illustrated  by  our  model  of  the  shuttle  orbiter, 
shown  In  figure  2.  Objects  are  defined  on  a  variably  sized  object  grid 
of  cubic  volume  elements.  Since  POLAR  must  model  objects  moving  at  high  Ion 
Mach  numbers,  the  extended  Ion  wake  Is  Included  In  the  computation  by  embed¬ 
ding  the  object  space  In  a  sliced,  staggered  computational  grid.  Figure  3  Il¬ 
lustrates  the  arrangement  of  object,  object  grid,  Mach  vector,  and  computa¬ 
tional  grid.  All  data  arrays  are  sliced  Into  individual  NX*NY  pages  at  every 
Z  mesh  point,  and  stored  on  disk.  During  computation,  POLAR  will  page  Into 
core  only  the  required  set  of  slices.  Using  the  potential  array  as  an  exam¬ 
ple,  the  Poisson  solver  will  need  only  two  slices  at  a  time;  the  sheath  loca¬ 
tion  algorithm,  four  slices;  and  the  trajectory  tracker,  two  slices. 

Since  the  data  structure  1$  sliced  along  the  2  axis,  the  Mach  vector  Is 
constrained  to  have  a  dominant  Z  component.  When  other  arrangements  of  Mach 
vector  and  object  orientation  are  to  be  modeled,  POLAR  can  rotate  the  object 
and  Mach  vector  to  meet  this  constraint,  thus  avoiding  a  redefinition  of  the 
object. 


PRESHEATH  AND  WAKE  ION  DENSITIES 

POLAR  utilizes  a  sharp  edged  sheath  approximation  to  divide  space  Into 
presheath  and  sheath  regions.  The  sheath  region  contains  all  of  the  signifi¬ 
cant  space  charge,  while  the  presheath  Is  a  quasineutral  region.  The  wake 
region  Is  divided  by  the  sheath  edge,  with  the  extended  wake  assumed  to  be 
essentially  quasineutral  and  Included  with  the  presheath.  The  sheath  edge  Is 
considered  to  be  an  absorption  surface  from  which  no  attracted  particles 
escape. 

In  the  presheath-wake  region,  and  initially  for  all  space,  the  Ion  den¬ 
sities  are  determined  by  a  "neutral  Ion  approximation".  This  refers  to  the 
assumption  of  straight  line  trajectories  as  If  following  neutral  particles. 
This  means  that  the  Ion  density  In  this  region  Is  calculated  taking  fully  Into 
account  Ion  thermal  velocities  but  ignoring  bending  of  trajectories  by  elec¬ 
tric  or  magnetic  fields.  This  can  be  expressed  by  the  following  equation: 

V*.  v)  *  g(x,  ft )  flQ(v) 

where  fi{it,  7)  Is  the  Ion  distribution  function  at  a  point  x  In  space  for  a 
velocity  v  and  fjn(v)  is  the  unperturbed  velocity  distribution  function  for 
a  drifting  Maxwellian  ( the^a^umed  condition  at  an  Infinite  distance  from  the 
vehicle).  The  function  g(x,fl)  has  value  zero  If  a  ray  starting  from  t  going 
In  the  direction  w  would  strike  the  vehicle,  It  has  value  1  otherwise.  This 
function  takes  Into  account  particles  which  cannot  contribute  to  the  local 
charge  density  because  they  run  into  the  vehicle.  The  ion  density  is  obtained 
by  Integration  over  velocities: 

00 

*  ►  r  »  j  > 

g(x,«)  J  fi0(v)/dv  dft 
o 
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«1  (x)  -  J f(x,v)dv  mj 
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This  "neutral  Ion"  approximation  to  the  density  Is  particularly  simple 
to  calculate  for  two  reasons.  First,  the  straight  line  orbits  allow  trajec¬ 
tories  to  be  "traced"  Instantly,  and  second,  the  orbits,  and  thus  shadowing 
factors,  are  Independent  of  particle  kinetic  energy.  For  every  point  In  space 
the  basic  algorithm  finds  the  perimeter  of  each  object  surface  In  solid  angle 
space  and  eliminates  all  orbits  within  the  perimeter  from  contributing  to  the 
local  phase  space  density.  While  using  only  discrete  directions  this  tech¬ 
nique  has  been  proven  fast  and  reasonably  accurate.  The  major  numerical  ap¬ 
proximations  are  the  discretization  of  the  angles  and  the  Interpolation  In 
solid  angle  space  of  the  surface  perimeters.  Typically  the  solid  angle  space 
Is  grldded  36  x  180  and  a  few  extra  points  are  added  along  each  surface  edge 
In  order  to  minimize  Interpolation  errors.  Since  the  potential  varies  loga¬ 
rithmically  with  density  In  the  quasineutral  region,  a  factor  of  2  error  In 
this  density  will  lead  to  less  than  kT/e  error  In  the  local  potential;  thus 
the  approximation  Is  not  expected  to  be  a  source  of  any  large  error.  Figure  4 
is  a  contour  plot  of  the  neutral  Ion  densities  calculated  for  the  shuttle 
orblter  with  Mach  velocity,  M  «  8  In  an  oxygen  plasma.  Figure  5  shows  the 
same  calculation  for  our  favorite  test  object,  the  quasisphere. 

A  new  "experimental"  feature  for  POLAR  Is  an  algorithm  that  provides  a 
"first  order"  correction  for  the  focusing  of  Ion  trajectories  by  the  weak  pre¬ 
sheath  electric  fields.  This  correction  Is  based  on  a  study  by  Gurevich  and 
Pltaevskll  (ref.  10)  of  the  flow  of  a  hypersonic  plasma  over  a  semi-infinite 
wall  where  they  Include  electric  fields  In  calculating  the  Ion  densities  In 
the  rarefied  region  (wake)  behind  the  wall.  Neutral  gas  densities  may  also  be 
obtained  analytically  for  this  same  problem.  The  ratio  of  the  plasma  to  neu¬ 
tral  densities,  from  the  wall  problem,  Is  used  as  a  correction  factor  to  the 
neutral  Ion  approximation  densities  calculated  by  POLAR. 

In  figure  6,  present  a  comparison  of  the  corrected  neutral  Ion  den¬ 
sity,  calculated  by  POLAR,  with  electron  density  measurements  by  Murphy 
et  al.  (ref.  11).  These  measurements  were  made  on  STS-3  by  the  POP  Langmuir 
probe.  For  STS-3,  the  estimated  range  of  Mach  numbers  was  5-8,  and  the  esti¬ 
mated  uncertainty  In  the  absolute  scale  of  electron  densities  was  2-5.  POLAR 
densities  were  calculated  at  Mach  numbers  of  6  and  7  using  the  shuttle  model 
presented  In  this  paper.  A  comparison  between  electron  and  Ion  densities  Is 
strictly  valid  only  when  the  plasma  Is  quasineutral  and  the  actual  degree  to 
which  the  wake  plasma  Is  quasineutral  cannot  be  determined  without  a  complete 
analysis;  however,  the  deviations  from  quasineutral  1 ty  are  probably  within  the 
experimental  error  and  numerical  uncertainties.  The  emphasis  of  this  compari¬ 
son  Is  placed  upon  the  horizontal  agreement  which  demonstrates  POLAR's  ability 
to  model  the  wake  edge  using  actual  orientation  data. 

As  a  calculation  proceeds,  POLAR  locates  (by  Inspection  of  potentials) 
those  regions  where  quasi neutrality  does  not  hold,  defines  the  sheath  to  In¬ 
clude  such  regions,  and  recalculates  the  Ion  density  there  by  tracking  parti¬ 
cles  inwards  from  the  sheath.  Once  these  sheath  Ion  densities  are  available, 
the>’<eplace  the  neutral-ion  densities  In  the  Poisson  calculation.  This  re¬ 
placement  process  1$  currently  being  Implemented  In  POLAR;  the  calculations 
presented  here  used  only  the  neutral  Ion  densities. 


209 


SURFACE  CHARGING 


The  POLAR  surface  cells  are  the  exposed  squares,  rectangles,  and  tri¬ 
angles  that  border  the  filled  space  of  each  Individual  volume  element  contain¬ 
ing  a  piece  of  the  object  (sub  units  of  the  building  blocks  used  In  object 
definition). 

POLAR  models  the  accumulation  and  transport  of  charge  on  the  vehicle 
using  a  lumped  element  circuit  analogy.  In  this  equivalent  circuit,  each  sur¬ 
face  cell  and  conductor  represents  a  node  of  the  circuit.  Surface  voltages 
are  updated  by  Implicitly  timestepping  a  differenced  approximation  to  the 
equation 


I  -  civ(t)  -  .  V(t)  , 

«■»  *  *  m  ««  Ai 


where  1  and  V  are  current  and  voltage  vectors  with  each  surface  and  conductor 
contributing"^  component,  C  Is  the  capacitance  matrix,  and  o  the  conductance. 
The  current  vector  Is  composed  as  * 


*1  *  1  Is  *  ^ae  +  ^es  *  *aeb  +  *ph 


where  we  have  the  current  due  to  Ions,  Ion  Impact  secondary  electrons,  auroral 
electrons,  auroral  electron  secondary  and  backscatter  electrons,  and  photo¬ 
electrons.  The  auroral  electron  currents  and  their  secondary  and  backscatter 
electron  currents  are  determined  each  times tep  by  assuming  them  to  be  depen¬ 
dent  only  on  the  Individual  surface  voltage,  then  Integrating  the  model  dis¬ 
tributions  with  and  without  secondary  and  backscatter  yield  functions.  The 
ion  and  Ion  secondary  currents  are  updated  only  when  the  sheath  module  Is 
called.  Note  that  the  ambient  electrons  are  absent  from  this  last  equation. 
Because  of  their  low  temperature,  they  will  not  contribute  significant  current 
to  any  surface  more  negative  than  a  few  kT/e.  When  a  surface  charges  posi¬ 
tive,  It  Is  assumed  to  be  because  of  their  omission  and  the  surface  Is  held 
near  zero  until  It  again  shows  negative  charolng  behavior.  This  technique 
prevents  the  oscillations  that  could  occur  with  a  combination  of  large  time- 
step  and  an  extremely  voltage  sensitive  current  source. 

As  mentioned  previously,  POLAR  models  the  flux,<|>,  of  the  energetic 
auroral  electrons  as  a  combination  of  power  law,  hot  Maxwellian  and  Gaussian 
distributions  (ref.  12)  given  by  the  following  expression: 

*(K)  -  AK(K  ♦  qV)"*0*1*  +  F  r^kT)"2  K  exp(-(K+qV)/kT) 

♦  BK  exp(-(K-KQ)2/62) 

where  K  Is  kinetic  energy,  V  Is  the  surface  potential,  F  •  n '/RTTSirm,  and  A, 
a,  T,  B,  E q  and  a  are  the  parameters  used  to  fit  spectra.  This  expression 
has  been  fitted  to  a  spectrum  observed  by  the  0MSP-F2  satellite  (ref.  13), 
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THE  CHARGE  STABILIZED  POISSON  ITERATION 
The  Poisson  equation  can  be  written  as 

-A  -  »-*(->,  -  n,)  (1) 
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(ref.  16)  when  the  Debye  length,  x,  becomes  smell  with  respect  to  other  scale 
lengths  of  the  problem.  This  can  be  understood  by  considering  that  a  smooth 
potential  variation  over  a  distance  of,  say,  1000  x,  would  require  a  smooth 
(the  'second  derivative')  which  is  In  turn  given  everywhere  by  the 
charge  density.  But,  maintaining  a  smooth  charge  density  distribution  Is 
difficult  when  any  errors  In  determining  (ne  -  n^)  are  multiplied  by  the 
huge  number  x  .  There  Is  one  effective  remedy  to  this  dilemma  (ref.  16) 
but  the  process  reported  here  appears  to  be  more  efficient  In  the  short  Debye 
length  limit.  This  method  Involves  the  combination  of  two  concepts.  One  uses 
a  partial  Impllcltlzatlon  of  the  repelled  density  (ne,  here)  (ref.  17).  The 
other  simply  reduces  the  charge  density  to  an  acceptable  level  whenever  the 
first  method  Is  Inadequate. 


Suppose  a  plasma  of  ambient  density  N0  and  temperature  T  consists  of 
Boltzmann  electrons,  Ne(r)  •  N0  exp(6(r))  and  Ions  of  known  density 
(r)  -  N0  nj(r).  the  normalized  charge  density  Is  then  given  by 


q(r,6v(r))  .  x"z  [n^r)  -  exp  (6v(r))]  (4] 

Equation  (4)  may  be  linearized  about  the  previous  potential  Iterate 

q(6v)  *  q(6v_1)  ♦  q'^1)  *  (6V  -  i*"1) 

where  q1  -  »q/»6,  and  the  r  dependence  has  been  dropped  for  clarity.  With 
this  expression  we  may  write  the  Implicit  Poisson  Iteration  scheme 

-vty  -  q'(^_1)  *  -  q(6v_1)  -  q'(6v_1)  *  (5] 

Though  it  Is  not  Immediately  obvious,  the  Implicit  character  of  (5) 
makes  it  more  stable  than  scheme  (3).  This  can  be  understood  by  realizing 
that  In  equation  131  the  electron  density  was  treated  as  an  Independent  vari¬ 
able,  whereas  In  (5)  the  electron  density  Is  determined  simultaneously  with 
the  potential,  both  being  consistent  with  the  Ion  density. 

The  finite  element  approximation  to  (5)  produces  the  matrix  equation 


r*  (w*e)  -  v^)  *  pv  .  s  -  s'  *  6V“1 

•*»  •*•**•****• 


where  S  Is  derived  from  q  by  the  following  analysis: 

for  small  h/x,  S  Is  simply  the  total  charge  associated  with  each  node, 
Q  -  q  h3,  Ir  the  elemental  volume  becomes  large  compared  to  x,  then  numer¬ 
ical  noise  and  features  like  a  sheath  edge  which  may  span  only  a  few  x,  be¬ 
comes  Incorrectly  amplified  when  the  q  determined  at  a  point  becomes  multi¬ 
plied  by  all  of  h!.  When  It  Is  not  possible  to  reduce  the  zone  size,  sta¬ 
bility  can  be  preserved  by  replacing  Q  (and  Q')  with  a  reduced  value  S  (S') 
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which  Is  calculated  to  be  the  maximum  allowable  charge  for  the  element. 
Because  of  the  artificial  amplification  argument,  S  Is  often  the  more  real¬ 
istic  total  for  an  element.  Before  deriving  S,  we  define  the  barometric 
potential  6h  ■  &n(ni)  which  1$  the  potential  for  which  Q  -  0  and  note  that 
It  Is  Important  that  S  *  Q  as  d  >  4b  queslneutral  regions  are  to  be 
modeled  correctly.  To  determine  S,  consider  a  capacitor  with  potential  dif¬ 
ference  (dh  -  d),  «rea  hz,  and  a  separation  of  h.  The  charge  qc  on  this 
capacitor  Is  given  by 

,v 

qc  «  CaV  «  uj —  (db  -  d)kT 

In  the  units  of  our  previous  Q,  qc  becomes 
Qm  -  «h(db  -  d) 


which  Is  the  maximum  allowable  charge  per  element,  with  the  parameter  a 
adjusted  to  Insure  that  Is  maximized.  Thus  at  each  node,  we  choose 
the  charge 


lor 


S  |  -  min  (|QM|,  |q|) 


with 


1-oh  for  S  «  Qm 

-hV2  expd  for  S  -  Q 


The  effect  of  this  algorithm  Is  this:  If  a  problem  has  been  specified 
where  a  boundary  potential  would  be  screened  In  less  than  a  zone  or  two  (the 
limit  of  any  code's  resolution),  sufficient  sheath  charge  will  be  redistrib¬ 
uted  so  as  to  allow  the  potential  to  be  screened  over  the  minimum  number  of 
zones  that  are  consistent  with  stability.  When  this  occurs  it  Is  necessary  to 
have  a  modified  criteria  for  locating  the  sheath  "edge".  Our  choice  Is  to 
place  the  edge  at  -  tn(#xz/hz)  (when  dm  >  kT It)  which  Is  the 
potential  at  which  Q'n  -  Q*.  This  Is  the  potential  contour  that  marks  the 
region  where  the  most  drastic  charge  reduction  occurs. 


SHEATH  PARTICLE  TRACKING 


Internal  to  the  sheath  boundary,  strong  electric  fields  will  cause  sig¬ 
nificant  bending  of  Ion  trajectories  and  focusing  of  currents.  POLAR  models 
these  effects  by  tracking  "particles"  Inward  from  the  sheath  edge  to  the 
object  surface.  This  tracking  provides  both  the  distribution  of  surface  cur¬ 
rents,  l.e.  currents  to  surfaces,  and  the  Ion  density  within  the  sheath. 

Prior  to  performing  this  calculation,  we  must  know  the  suitable  sheath 
location  and  the  currents  from  the  plasma  to  the  sheath. 
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The  sheath  edge  can  be  thought  of  as  an  absorption  surface  where  for  the 
attracted  species  {Ions,  here)  there  Is  only  flow  In,  none  out.  If  this  sur¬ 
face  were  the  same  for  all  Ion  energies,  and  there  was  no  presheath  focusing, 
we  would  find  that  In  a  non-flowing  plasma,  the  density  just  outside  the 
sheath  edge  to  be  njs  -  1/2  n0.  We  can  next  Invoke  quasi neutrality  with 
Boltzmann  electrons 


noe 


'Is 


V2 


and  find  for  a  sheath  edge  potential  ds  ■  -*n2  -  -0.69.  In  their  treatment 
of  space  charge  limited  probes,  Parrot  et  al.  (ref.  18)  Indicate  that  In  a 
non-flowing  Maxwellian  plasma,  the  sheaffiT  e3ge  potential  6$  of  *  spherical 
probe  asymptotically  approaches  the  value  -0.49  (-0.86  for  a  cylinder)  as  the 
ratio  of  surface  potential  to  plasma  temperature  becomes  Infinite.  For  a 
probe  In  a  flowing  plasma,  the  most  distended  absorption  surface  Is  likely  not 
to  be  an  equl potential.  In  the  ram  direction,  we  would  expect  6%  *  0, 
whereas  In  the  wake  direction  we  cap  conjecture  that  the  sheath  edge  potential 
would  lie  In  the  range  1/2  >  ds  >  M z/2,  where  M  Is  the  Mach  number.  The 
degree  of  Importance  placed  upon  accurately  locating  the  sheath  edge  must  con¬ 
sider  the  resulting  effects  on  the  primary  Issue,  surface  charging.  POLAR 
currently  uses  an  equlpotentlal  chosen  as  described  In  the  previous  section. 
This  numerically  defined  sheath  boundary  typically  lies  In  the  quasineutral 
region. 

Ions  dropped  Inwards  from  the  sheath  boundary  are  assigned  currents 
according  to  the  calculated  presheath  current  to  their  points  of  origin.  For 
the  case  of  a  non-flowing  plasma,  Parrot  et  al.  (ref.  18)  have  determined  the 
presheath  current  enhancement  to  be  ror  both  spherical  and 

cylindrical  cases,  where  J0  •  N0(kT/2tmj is  the  ambient  thermal  cur¬ 
rent.  To  find  this  enhancement  for  an  arbitrarily  specified  boundary  In  a 
flowing  plasma,  we  make  the  approximation  that  In  the  presheath  region  cur¬ 
rents  may  be  calculated  from  orbit  limited  theory,  l.e.,  an  outwardly  directed 
hemisphere  of  trajectories  will  all  connect  to  Infinity  If  the  total  trajec¬ 
tory  energy  Is  greater  than  zero.  For  the  case  of  a  1/r  potential  distribu¬ 
tion  In  a  non-flowing  Maxwellian  plasma  (ref.  19),  this  approximation  would 
lead  to  the  well-known  Langmuir  formula 


J0  -  *i> 


1.49,  for  p.  .  -0.49 


This  can  be  compared  to  the  1.45  given  by  Parrot  et  ah.  (ref.  18).  For  our 
flowing  plasma,  we  assume  a  l/rz  potential  (the  most  rapidly  diminishing  for 
which  all  energetically  allowed  trajectories  may  escape)  (ref.  20),  and  the 
flowing  distribution  at  Infinity 


1 


N0(2t)“3/2  exp 


l  *  ►  21 
-  $  (V-M) 


Sheath  surface  current  densities  are  determined  by  numerically  calculating  the 
first  velocity  moment  of  the  sheath  surface  distribution  function.  Results 
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are  presented  In  figure  8  for  three  sheath  surface  potentials.  The  curves  for 
higher  potential  In  figure  8  are  consistent  with  the  orbit  limited  approxima¬ 
tion  In  the  wake-ward  direction  only.  Elsewhere  the  higher  potentials  would 
be  screened  more  rapidly  than  l/rz. 

Return  now  to  the  question  of  sheath  boundary  placement.  The  results  of 
figure  8  Indicate  that  the  current  density  enhancement  factors  are  not  tremen¬ 
dously  sensitive  to  the  sheath  boundary  potentials  for  the  ram-ward  angles. 

For  wake-ward  angles,  there  is  a  much  greater  enhancement  sensitivity  but  this 
may  not  carry  over  Into  a  surface  charging  sensitivity.  A  lower  potential 
sheath  boundary  will  tend  to  extend  elllpsoldally  In  the  wake  direction  pro¬ 
ducing  Increased  sheath  surface  area.  Focusing  within  the  sheath/wake  area 
will  collect  these  lower  sheath  currents  and  reduce  the  sensitivity  to  sheath 
boundary  placement.  Also,  all  of  these  wake/ sheath  currents  are  small,  and 
may  ultimately  be  negligible  when  compared  to  other  positive  current  sources 
such  as  the  contribution  from  secondary  electrons  and  the  hydrogen  component, 
for  which  the  Mach  speed  will  be  a  factor  of  4  less  than  for  oxygen.  The 
paper  by  Parks  et  jTL  In  these  same  proceedings  investigates  the  effects  of  a 
hydrogen  component. 

In  each  spatial  element,  the  sheath  edge  Is  contoured  by  triangular 
plates.  From  each,  two  or  more  (typically  four)  particles  are  started. 

Before  these  particles  are  assigned  currents,  a  test  particle  Is  ejected  out¬ 
ward  from  each  plate  across  a  few  elements  to  probe  for  objects  or  potential 
barriers  that  would  shield  presheath  currents  from  that  plate.  If  such  obsta¬ 
cles  are  formed,  the  particles  from  that  plate  are  deleted. 

Once  all  particles  and  currents  have  been  assigned,  particles  are 
advanced  along  their  trajectories  by  a  "pusher".  This  pusher  sweeps  back  and 
forth  along  the  Z  axis,  operating  on  successive  single  slices  of  elements  (two 
slices  of  nodal  potentials).  Within  each  slice,  trajectories  advance  In  the  X 
and  Y  directions  until  they  reach  the  present  Z  or  Z+l  slice  boundaries,  X,  Y 
boundaries  or  the  vehicle  surface.  If  the  pusher  Is  sweeping  In  the  +Z  direc¬ 
tion,  particles  exiting  at  Z*1  are  continued  In  the  next  push,  whereas  parti¬ 
cles  exiting  at  Z  (moving  In  the  -Z  direction)  are  stored  on  disk  and  picked 
up  on  the  return  pass  of  the  pusher.  The  pusher  continues  sweeping  until  all 
trajectories  have  been  concluded. 


RESULTS 

Two  model  calculations  are  presented,  the  quasisphere  and  the  shuttle. 
For  both  problems,  the  plasma  Is  an  0  plasma  with  kT  •  0.1  eV,  N  -  Kr 
cm-3  and  x  «  2.3  cm.  Both  models  have  the  objects  moving  at  an  Ion  Mach 
speed  of  8  (~8  km/sec).  Neutral  Ion  density  contour  plots  for  these  objects 
have  been  presented  In  figures  4  and  5.  All  of  the  contour  plots  are  2-0  cuts 
through  the  3-D  arravs  of  potentials  or  densities.  In  the  quasisphere  (Q-S) 
plots,  the  cuts  go  through  the  center  of  the  object  and  Its  wake.  For  the 
shuttle,  the  longitudinal  cuts  (showing  a  side  profile  of  the  orblter)  run 
just  to  the  side  of  center  and  through  one  of  the  engines. 

In  these  calculations,  the  Q-S  Is  modeled  as  a  grounded  conductor 
covered  with  0.1  mm  thick  kapton  and  a  "quasiradius"  of  2.5  m.  At  t  *  0,  the 
auroral  spectrum  of  figure  7  Is  switched  on,  with  all  surfaces  at  zero  poten¬ 
tial.  The  Q-S  Is  allowed  to  charge  for  a  total  of  7.8  seconds  In  13  Intervals 


of  0.6  sec  each.  Ambient  electron  spacecharge  factors  and  auroral  electron 
surface  currents  are  calculated  at  each  step.  All  secondary  electrons  are  as¬ 
sumed  to  escape.  Ion  surface  currents  are  determined  from  sheath  particle 
tracking  at  tne  0.6,  2.4,  4.8  and  7.2  sec  Intervals,  while  the  0-0.6  sec  In¬ 
terval  uses  the  precharge  estimates  of  Ion  currents.  Figure  9  shows  a  poten¬ 
tial  contour  plot  with  linearly  spaced  contours  at  2.4  sec,  where  the  maximum 
surface  potential  Is  -130  volts  on  the  wake  side  of  the  Q-S.  Figure  10  is  a 
contour  plot  of  the  same  potentials  using  logarithmically  spaced  contours, 
where  the  sheath  contour  is  chosen  to  be  -0.6  volts  and  Is  Indicated  by  the 
X's.  A  subset  of  the  sheath  Ion  trajectories  are  also  shown.  Figure  11  shows 
linear  potential  contours  for  the  Q-S  at  4.8  seconds  with  the  new  sheath  loca¬ 
tion  (-0.6  volts)  Indicated  again  by  X's;  the  maximum  surface  potential  Is 
-252  volts.  The  end  point  of  the  calculation  Is  shown  In  figure  12  at  7.8 
seconds  where  a  rough  equilibrium  has  been  established  and  the  maximum  surface 
voltage  Is  -447  volts.  The  apparent  discharging  of  the  side  surfaces  at  7.8 
seconds  when  compared  with  the  Q-S  at  4.8  seconds  Is  a  plotting  Illusion  due 
to  the  same  number  of  contours  being  spread  over  a  large  potential  differ¬ 
ence.  The  long  charging  times  reported  here  are  not  realistic  and  are  due  to 
the  combination  of  grounded  conductor  and  thin  dielectric  which  produces  a 
high  capacitance  to  ground.  This  fixed  ground  has  been  retained  as  a  develop¬ 
mental  convenience  and  will  be  allowed  to  float  In  the  future. 

A  preliminary  model  of  shuttle  orblter  charging  Is  presented  In  figures 
4,  13,  14,  and  15.  The  materials  specified  for  this  model  are  not  realistic, 
and  again,  the  ground  was  not  allowed  to  float.  Starting  with  the  Ion  den¬ 
sities  shown  In  figure  4,  the  orblter  Is  exposed  to  the  same  plasma  and  aurora 
as  was  the  Q-S  with  a  mesh  spacing  of  1.16  m/grid  unit.  The  shuttle  Is  al¬ 
lowed  to  charge  for  only  3  seconds  In  three  steps.  Potential  contours  at  the 
3  second  point  are  presented  In  figure  13  for  tne  same  cut  as  figure  5.  The 
maximum  surface  potential  Is  -101  volts.  The  lowest  contour  Is  at  -20  volts 
so  It  Is  not  possible  to  see  lower  space  potentials  In  the  wake,  but  one  can 
observe  the  compression  of  contours  on  the  underside  compared  to  those  In  the 
cargo  bav.  Figure  14  Is  a  cut  through  the  Ion  density  data  at  Z  -  17  (see 
figure  13).  In  figures  14  and  15,  the  complete  projected  silhouette  Is  out¬ 
lined  whereas  only  a  portion  of  the  cargo  bay  floor,  wall  and  doors  actually 
lie  In  this  cut.  Since  the  plasma  Is  flowing  predominantly  along  the  length 
of  the  orblter,  the  Ion  density  wake  shown  In  figure  14  Is  due  to  portions  of 
the  orblter  upstream  of  the  cut.  Figure  15  shows  potential  contours  in  the 
cut  at  Z  -  17,  where  significant  charging  can  be  observed  on  the  outside  of 
the  bay  doors  which  He  In  the  wake  of  the  wings,  but  not  on  the  Inside  which 
was  a  grounded  conductor. 

The  shuttle  model  employed  41,175  grid  points,  but  due  to  POLAR's  disk 
data  management  and  segmented  construction,  only  about  70,000  words  of  core 
memory  were  required.  On  our  UNI  VAC  1100/80,  the  shuttle  model  calculation 
required  about  3  hours  of  CPU  time. 

CONCLUSIONS 

The  results  of  these  POLAR  calculations  are  quite  preliminary  and  are 
presented  primarily  to  demonstrate  the  capabilities  of  the  code.  However,  we 
are  quite  pleased  with  the  close  resemblance  of  the  quasisphere  model  to  the 
nMSP  charging  events  reported  in  these  same  proceedings  by  Burke  and  Hardy. 
Perhaps  tne  most  significant  result  of  these  calculations  Is  that  POLAR's 
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design  criteria  are  proving  to  be  realizable,,  and  although  more  development 
will  be  required  we  anticipate  that  POLAR  will  become  a  useful  scientific  and 
engineering  tool. 
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Figure  1.  The  eight  building  block  types  are  shown  here.  From  right  to  left 
and  top  to  bottom:  flat  plate,  FIL111  smoothing  a  corner,  slanted 
plate,  tetrahedron,  quasisphere,  wedge,  rectangular  parallelepiped, 
and  octagon  right  cylinder. 


Figure  2.  Perspective  plot  of  the  POLAR  shuttle  model  used  for  these  calcula¬ 
tions,  showing  Individual  surface  cells. 
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Figure  3.  Two-dimensional  cross-section  of  POLAR's  computational  and  object 
grids.  The  combination  of  orthogonal  transformations  of  the  object 
and  object  grid  with  staggering  In  the  X*Y  node  slices  allows  for 
any  orientation  of  object  and  plasma  flow. 
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Figure  4,  Two-dimensional  cross-section  of  normalized  neutral  Ion  densities 
for  a  slice  one  unit  from  center,  running  through  an  engine.  One 
mesh  unit  *  1.16  m,  Ion  Mach  speed  «  8,  contour  interval  «  0.11, 
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Figure  7.  Fit  and  comparison  of  POLAR's  analytic  spectral  form  to  an 

energetic  electron  event  observed  on  DMSP-F2  (ref.  13).  Assuming 
isotropy  the  total  current  carried  by  this  spectra  was  14  wA/tir. 
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Flgu.  e  8.  Current  density  to  a  sphere  of  potential  PHI  -  eV/kT  In  a  Mach  8 
plasma  using  orbit  limited  theory,  cos(e)  ■  1.0  for  ram  direction, 
cos(«)  «  -1.0  for  wake  direction. 
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Figure  9.  Contour  plot  of  potentials  for  the  quasisphere  In  the  same  cross- 
section  as  figure  5  after  2.4  seconds  of  charging.  Contour  Inter¬ 
vals  are  14.5  volts,  and  the  maximum  surface  potential  is  -130.0 
volts.  The  ambient  plasma  density  Is  104/cc,  kT  -  0.1  eV,  and 
xq  -  2.3  cm. 
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Figure  10.  The  same  potentials  and  cross-section  as  figure  9,  but  with 

logarithmic  contours.  The  contour  Interval  Is  alog(-V)  ■  0.87, 
labeled  contours  are  In  volts.  The  lower  left  tip  of  the  x‘s  mark 
the  sheath  location  (-0.6  v),  where  a  subset  of  trajectories 
illustrate  the  sheath  Ion  tracking. 
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Figure  11.  quasisphere  potential  contours  after  4.B  secs  of  charging.  The 
maximum  surface  potential  Is  >252  volts,  and  the  contour  Inter¬ 
val  Is  28  volts.  X's  again  mark  the  -0.6  volt  sheath  contour. 
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Figure  12.  Quasisphere  potential  contours  after  7.8  secs  of  charging,  where 

some  surfaces  have  reached  equilibrium.  The  maximum  surface  poten¬ 
tial  Is  -447  volts  and  the  contour  Interval  Is  -49.7  volts. 


Figure  13. 


Figure  14. 
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Contour  plot  of  potentials  about  the  shuttle  orblter  In  the  same 
cross-section  as  figure  4,  The  maximum  surface  potential  In  this 
cross-section  Is  -101  volts,  and  the  contour  interval  Is  20  volts. 
The  arrow  at  Z  -  17  Indicates  the  location  of  cross-section  shown 
In  figures  14  and  15. 
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Ion  density  contour  cross-section  at  Z  -  17  (see  figure  13).  The 
full  projected  slllouhette  of  the  orblter  Is  shown,  although  only 
cargo  bay  walls,  doors,  and  floor  lie  In  this  slice.  Ion  densities 
range  from  8  x  10"'  to  1.0  In  Intervals  of  0.11. 
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Figure  15.  Shuttle  potential  contour*  In  the  cross-section  of  figure  14.  The 

maximum  surface  potential  In  this  slice  Is  -101  volts  and  the  con-  j 

tour  level  Is  11  volts.  j 
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POLAR  ORBIT  ELECTROSTATIC  CHARGING  OF  OBJECTS  IN  SHUTTLE  MAKE* 


I.  Katz,  D.  E.  Parks,  D.  L.  Cooke,  and  M.  J.  Handell 

S-CUBEO 

La  Jolla,  California  92038 
A.  J.  Rubin 

Air  Force  Geophysics  Laboratory 
Hanscom  Air  Force  Base,  Massachusetts  01731 

A  recent  survey  of  DMSP  data  has  uncovered  several  cases  where  precip¬ 
itating  auroral  electron  fluxes  are  both  sufficiently  Intense  and  energetic  to 
charge  spacecraft  materials  such  as  teflon  to  very  large  potentials  In  the 
absence  of  ambient  Ion  currents.  In  this  paper  we  provide  analytical  bounds 
which  show  that  these  measured  environments  can  cause  surface  potentials  In 
excess  of  several  hundred  volts  to  develop  on  objects  In  the  orblter  wake  for 
particular  vehicle  orientations. 


INTRODUCTION 

We  consider  an  object  In  the  wake  of  a  spacecraft  flying  at  an  altitude 
of  a  few  hundred  kilometers  In  low  polar  earth  orbit.  We  suppose  that  the 
object  Is  charged  to  large  negative  voltages  with  respect  to  the  ambient 
plasmas  by  an  Intense  current,  perhaps  of  order  10“8  amps/cmz,  of  multi¬ 
kilovolt  electrons.  Our  objective  Is  to  estimate  upper  bounds  on  the  Ion  cur¬ 
rent  attracted  by  the  object,  and  lower  bounds  on  Its  electric  potential. 

We  assume  that  the  plasma  consists  predominantly  of  G+  at  a  concentra¬ 
tion  of  about  10®/cm3  and  a  thermal  energy  per  particle  kT  -  0.1  eV.  The 
speed  of  the  satellite  V0  Is  8  x  10®  cm/sec,  corresponding  to  0  flow 
energy  1/2  M0  V£  •  5.12  eV  per  particle,  and  a  ratio  V«/  kT/FL 
«  8.  The  plasma  may  also  contain  H  .  again  with  kT  “0.1  eV,  but  with  a 
smaller  Mach  number,  V«/  Vi  ki/M^  «  5.  In  the  considerations  that  follow 
we  assume  that  the  vehicle  1$  In  eclipse  and  that  no  spacecraft  generated 
plasmas  surround  the  vehicle. 

The  estimates  are  based  on  orbit  limited  theory  collection  by  a 
shadowed,  Ion  attracting  object  In  a  cold  flowing  plasma.  Initially,  thermal 
effects  are  not  considered;  It  Is  anticipated  that  such  neglect  Is  justified 
for  high  Mach  number  flows,  especially  if  the  negative  potential  on  the  col¬ 
lecting  object  Is  very  much  larger  than  kT.  Supposing  that  thermal  effects 
are  negligible,  It  Is  then  argued  that  the  theory  provides  an  upper  bound  on 
collected  Ion  current,  or  equivalently,  a  lower  bound  on  the  potential  to 
which  the  object  becomes  charged.  Because  H  Ion  speeds  are  not  very  much 
less  than  flow  velocities,  thermal  effects  on  H  collection  will  be  further 
considered  later  In  the  paper. 

For  Ionospheric  plasmas  with  negligible  hydrogen  concentration,  ener¬ 
getic  electron  currents  to  the  wake  side  object  can  be  neutralized  only  by 
attracted  0+  ions.  For  a  one  meter  object  shadowed  by  a  ten  meter  shuttle, 

♦This  work  supported  by  Air  Force  Geophysics  Laboratory,  Hanscom  Air  Force 
Base,  Massachusetts,  under  Contract  F 19628-82 -C-0081. 


229 


KMODING  PAGE  BLANK  NOT  FILMED 


we  find  that  the  magnitude  of  the  minimum  voltage  for  attracting  0+  Ions  Is 
about  500  volts.  In  contrast,  space  charge  limited  collection  of  0+  Ions 
through  a  ten  meter  radius  sheath  requires  about  4  KeV  to  neutralize  a  current 
of  I0“8  amp/cnr  of  energetic  electrons. 

The  effect  of  H+  is  to  lower  the  voltage  threshold  for  orbit  limited 
collection  to  several  tens  of  volts,  but  H  concentrations  much  larger  than 
100/cnr  are  required  to  neutralize  energetic  electron  currents  as  large  as 
l.(T8  amps/orr  If  potentials  more  negative  than  100  volts  with  respect  to 
the  ambient  plasma  are  to  be  avoided. 


THEORY 

Consider  a  sphere  of  radius  a  at  a  potential  -V  shadowed  by  a  disk  of 
radius  R0  at  a  distance  l  from  the  sphere  center.  The  geometry  Is  axlsym- 
metric,  with  the  symmetry  axis  defined  by  the  line  connecting  the  centers  of 
the  sphere  and  disk  parallel  to  the  plasma  flow  velocity  V0. 


Figure  1.  Geometry  for  Ion  collection. 

To  proceed  further,  we  assume  that  the  electrical  potential  Is  spheri¬ 
cally  symmetric  about  the  center  of  the  collecting  sphere,  and  that  the  poten¬ 
tial  field  Is  unaffected  by  the  shield.  In  reality,  the  configuration  of 
electric  potential  Is  much  more  complex,  being  strongly  shielded  by  the  plasma 
In  the  upstream  direction  and  extending  over  substantial  distances  Into  the 
wake  of  the  shield.  Thus,  by  Invoking  the  assumption  of  spherical  symmetry 
one  overestimates  the  upstream  range  of  the  potential  and  thereby  the  col¬ 
lected  current. 

Given  the  foregoing  assumptions,  the  maximum  Ion  current  drawn  by  t.he 
sphere  occurs  when  the  distance  between  the  shield  and  collector  Is  Infi¬ 
nite.  Then,  In  accordance  with  orbit  limited  theory,  which  also  overestimates 
collected  currents,  the  current  of  Ions  of  a  particular  species  Intercepted 
by  the  sphere  Is  given  by 

I,  .  ,e  N,V0  [b*  -  R*]  (1) 


where  Nf  Is  the  density  of  the  species  1  In  the  unperturbed  plasma  and  the 
maximum  Impact  parameter  b^  Is  determined  from 

V0bj  «  va  conservation  of  angular  momentum  (2) 
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conservation  of  energy 


(3) 


1  u  \i2  1  o  2 

?  “i*o  "  7  v 


eV 


-e  Mi  i 

Ion  at  the  collector.  Finally  the  collection  current  Is 


where  Mi  Is  the  ion  mass,  e  the  electron  ion  charge,  and  v  the  speed  of  the 
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For  a  pure  0  plasma  (1/2  **  5  eV)  and  with  R0/a  »  10,  the 

voltage  threshold  *or  the  onset  of  collection  occurs  at  about  500  volts 
current  density  of  10“8  amps/cm2  corresponds  roughly  to  maximum  observed 


for3R0 


levels  of  Intensity  of  energetic  precipitating  electrons  (E  >  1  KeV)  (refs. 
1-3).  For  N0  “  105  cm“3,  the  collected  ion  current  Is  a  sufficiently 
steep  function  of  voltage  that  neutralization  of  the  electron  current  of 
10”8  amps/cmz  occurs  only  slightly  above  the  threshold. 

The  voltage  threshold  for  hydrogen  Ion  collection  is  eV^  ~  30  volts 
/ a  ■  10.  Below  300  km  altitude  the  H+  concentrations  are  <100 
cm“-Vand  would  not  contribute  substantially  to  the  neutralization  of  elec¬ 
tron  energetic  electron  currents  as  large  as  10‘8  amps/cm;.  Instead  at 
the  500  volt.threshold.for  0  collection,  the  collected  H  current  Is  only 
Iy  “  2  x  10“ amps/cm2  for  Nh  *  100  cm"3,  R 0/a  “  10.  Thus  for 
H  “  100  cm”3  to  effectively  control  the  charging  by  energetic  electrons, 

It  Is  necessary,  but  perhaps  not  sufficient,  that  the  charging  currents  be 
less  than  2  x  10-10  amps/cm3.  Of  course,  at  higher  altitudes  where  the 
H  concentrations  are  greater,  the  effect  of  H  in  neutralizing  charging 
Is  correspondingly  greater. 

The  previous  considerations,  utilizing  orbit  limited  theory  with  the 
shield  a  long  distance  from  the  collector,  overestimate  the  collected  ion  cur¬ 
rent.  We  can  also  estimate  the  collected  current  with  the  shield  at  a  finite 
distance  from  the  collector.  In  this  case  the  current  Is  given  by 


I  ■  th  eVQ 


(6) 


where  R»  is  the  ambient  parameter  at  Infinite  distance  which  causes  the  Ion  to 
Intersect  the  outer  edge  of  the  shield  located  at  the  distance  R0  ■  (R$ 

+  fc2)1'2  from  the  center  of  the  collector.  To  relate  Rwto  the  collector 
potential  and  geometry,  we  must  know  the  Ion's  orbit  in  the  potential  field. 
Suppose  for  this  purpose  that  the  potential  is  given  by 


231 


Solving  the  orbit  equations  tnen  leads  to  the  relation 


Has  „  I 
a  7 


M© 


In  Table  1  we  compare  the  voltage  thresholds  for  Ion  collection  for  the  two 
extreme  cases  i  »  <*  (r0  ■  • )  and  a  «  0  (r0  -  R0),  obtained  by  setting  I 
■  0  In  equation  (6). 

Table  1.  Approximate  Voltage  Thresholds  for  Ion  Collection, 

R/a  -  10,  Vf  (volts) 


Potentials  decreasing  more  rapidly  than  1/r  for  Increasing  r  would  lead 
to  Increases  in  the  threshold  voltage  by  even  more  than  the  factor  of  four 
given  In  Table  1, 

We  next  ask  whether  thermal  effects  on  H*  collection  will  substan¬ 
tially  alter  our  estimates  of  minimum  potential  required  for  current  neutral¬ 
isation.  For  this  purpose  we  neglect  shadowing  of  the  collector  by  the  space¬ 
craft  and  assume  orbit  limited  collection  of  H  Ions.  The  orbit  limited 
collection  by  a  sphere  at  potential  -V  In  a  warm  flowing  plasma  is  given  by 
Kanal's  expression  (ref.  4) 


’*z  N  ,vo  (l  *  H? 4  rS)  erf  (V?vr  0 


For  H+,  M  Vq/2  kT  “  3  and  the  collected  current  does  not  differ  sub¬ 
stantially  from  the  cold  plasma  result 


Thus,  for  V  ~  500  volts,  N  ~  100  cm-3. 


I/*a2  =  1.3  x  10"9  amp/cm2  ,  (11) 

and  this  extreme  overestimate  of  collected  H+  current  is  still  substantially 
less  than  the  maximum  observed  charging  currents. 

So  far,  we  have  estimated  upper  bounds  on  selected  ion  current  by  invok¬ 
ing  orbit  limited  theory.  To  ascertain  how  much  the  estimated  bound  might 
exceed  actual  current  collection,  let  us  consider  space  charge  limited  col¬ 
lection  of  0+  ions  by  a  one  meter  sphere  through  a  spherically  symmetric 
sheath  of  ten  meter  radius,  the  latter  radius  -"^presenting  the  radial  extent 
of  a  wake.  The  Langmuir-Blodgett  theory  for  roace  charge  limited  collection 
of  0+  by  a  sphere  permits  the  required  voltage  tc  be  estimated  from  (ref.  5) 

j  =  1.37  x  10"8  (12) 

(«a)2 


For  j  =  10~®  amp/cm^,  a  =  100  cm,  and  an  outer  emission  radius  of  10^ 
cm,  equation  (12)  with  cr  «  30  gives 

V  ~  3.6  kV  (13) 


DISCUSSION 

Simple  theoretical  considerations  have  been  invoked  to  estimate  upper 
bounds  on  the  ion  current  collected  by  a  shadowed  object  subjected  to  intense 
fluxes  of  energetic  electrons.  In  the  course  of  these  estimates,  many  compli¬ 
cating  factors  associated  with  geometry,  vehicle  potentials,  field  asym¬ 
metries,  and  charging  properties  of  materials  have  been  ignored.  It  is  appro¬ 
priate  to  ask  whether  any  of  the  effects  that  have  been  neglected  may  substan¬ 
tially  alter  the  magnitude  of  current  drawn  by  an  object  located  in  the  wake 
of  an  ionospheric  spacecraft. 

The  effect  of  secondary  emission  would  be  to  increase  the  effective  cur¬ 
rent  to  the  object.  While  secondary  emission  may  be  small  for  primary  elec¬ 
tron  energies  ~10  KeV,  it  may  be  substantial  for  softer  components  of  the  pre¬ 
cipitating  electron  spectrum,  including  those  reflected  from  the  dense  atmo¬ 
sphere. 

The  effect  of  a  shuttle  potential  and  field  asymmetries  is  difficult  to 
determine.  One  might  argue  that  a  potential  on  the  shuttle  increases  its  ef¬ 
fective  size  and  decreases  current  to  a  shadowed  object;  one  might  also  argue 
that  the  fields  around  the  shuttle  focus  more  ions  into  the  near  wake  where 
the  object  is  located.  The  theoretical  resolution  of  these  questions  will 
require  multidimensional  calculations  of  electric  fields  and  ion  trajectories 
in  those  fields.  The  required  techniques  will  be  embodied  in  the  POLAR  code, 
now  under  development  at  S-CUBED. 
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WAKES  AND  DIFFERENTIAL  CHARGING  OF  LARGE  BODIES  IN  LOW  EARTH  ORBIT 


Lee  W.  Parker 
Lee  W.  Parker,  Inc. 
Concord,  Massachusetts  01742 


Highlights  of  earlier  results  by  the  author  and  others  using  the  author’s  Inside- 
Out  WAKE  code  on  wake  utruotures  of  LEO  spacecraft  are  reviewed.  For  conducting 
bodies  of  radius  large  compared  with  the  Debye  length  (large  Inverse  Debye  number),  a 
hi gh-Mach -number  wake  develops  a  negative  potential  weD ,  Quasi neutrality  is  violated 
in  the  very  near  wake  region,  and  the  wake  is  relatively  "empty"  for  a  distance  down¬ 
stream  of  about  one-half  of  a  "Mach  number"  of  rauii.  There  it  also  a  suggestion  of  a 
core  of  high  density  along  the  axis.  We  report  recent  work  on  very  large  bodies  in  LEO. 

A  comparison  of  rigorous  numerical  solutions  with  in-Bit,u  vsike  data  from  the  AE-0 
satellite  suggests  that  the  so-called  "neutral  approximation"  for  ions  (straight-line 
trajectories,  independent  of  fields)  may  be  a  reasonable  approximation  except  near  the 
center  of  the  near  wake,  This  approximation  is  adopted  here  for  very  large  bodies. 

In  an  earlier  investigation  of  differential  charging  of  small  nonconducting 
bodies  due  to  plasma  flows,  it  was  found  that  the  scale  of  the  voltage  difference 
between  the  upstream  and  downstream  surfaces  ("front"  and  "wake"  surfaces  of  a  non¬ 
conducting  body)  due  to  a  high-Mach-number  plasma  flow  is  governed  by  the  ion  drift 
energy.  Hence  kilovolt  potential  differences  may  occur  in  the  solar  wind,  for  example, 
between  a  spacecraft  and  a  piece  of  insulated  material  in  its  near  wake. 

Hecent  work  has  concerned  the  "wake-point"  potential  of  very  large  nonconducting 
bodies  such  as  the  Shuttle  Orbitcr,  Uging  a  cylindrical  model  for  bodies  of  this  size 
or  larger  in  LEO  (body  radius  up  to  10'  Debye  lengths),  approximate  solutions  are  pre¬ 
sented  based  on  the  neutral  approximation (but  with  rigorous  trajectory  calculations 
for  surface  current  balance).  There  is  a  negative  potential  well  if  the  body  is  con¬ 
ducting,  and  no  well  if  the  body  is  nonconducting.  In  the  latter  case  the  w.ike  sur¬ 
face  itBelf  becomes  highly  negative.  The  wake-point,  potential  is  governed  by  the  ion 
drift  energy. 


LARGE-BODY  WAKE  STRUCTURE:  CONDUCTING  BODIES 

Parker's  wake-theory,  computer  model  for  pillbox  shapes  (Inside-Out  Method  for 
warm  ions  -  see  refs.  1-3)  was  applied  by  the  author  and  others  in  a  number  of  wake 
calculations.  High-volt.age  sheaths  and  wakes  of  large  bodies  require  special  numeri¬ 
cal  techniques  (see  refs.  3  and  12  for  generalization  to  3-D  geometries,  CLEPH  code). 


Wake  of  Moderately -Large  Conducting  Body  in  LEO 

First  we  present  highlights  of  earlier  results  obtained  (1976,  see  refs.  1-2)  in 
a  problem  involving  the  wake  of  a  large  body  In  LEO,  100  Debye  lengths  in  radius.  The 
body  is  in  the  form  of  a  disk  oriented  normal  to  the  flow.  For  two  caseB  (figs,  la 
and  lb)  the  parameter  values  are: 

235 


4* 


i 


4 


Case  1 


Case  2 


■  -4  (dimensionless  potential  in  uni-'.s  of  kT/e)  <j>0  =  -4 

x"1  53  100  (inverse  Debye  number  =  ratio  of  body  X^,1  =  100 

radius  to  Debye  length) 

M  =  4  (ion  Mach  number)  M  =  8 

This  size  of  moving  body  is  larger  than  had  been  treated  prior  to  1976  by  trajectory¬ 
following,  i.e.,  realistic,  calculations.  The  results  show  what  may  be  expected  for 
the  wake  structure  of  large  bodies  in  general.  The  problem  of  a  large  body  requires 
more  effort  (computer  time  and  judicious  selection  of  numerical  parameters)  than  that 
of  a  smaller  body.  The  solutions  shown,  therefore,  are  intended  to  be  illustrative 
rather  than  accurate.  The  Inside-Out  Method  was  used  (refs.  1-3). 

Poisson- Vlasov  iteration  was  applied  (refs.  1,2),  starting  with  the  neutral- 
approximation  ion  density  as  an  initial  guess.  A  nominal  number  of  trajectories, 

512,  was  used  at  all  grid  points.  The  grid  is  similar  to  fig.  2a  with  z>0. 

The  profiles  of  n^,  ne,  and  $  (dimensionless  ion  density,  electron  density  and 

potential)  are  shown  in  figure  la  for  Case  1.  Tabulated  values  are  given  in  refer¬ 
ence  2.  The  wake  is  essentially  "empty"  of  both  ions  and  electrons  between  z=0  and 

z=l,  and  begins  to  fill  up  between  z=2  and  z=3,  where  z  denotes  the  distance  down¬ 

stream  in  units  of  the  body  radius. 

Two  sets  of  ion-density  profiles  are  shown  on  the  left  side  of  figure  la,  the 
unlabeled  profiles  for  the  final  iteration,  and  the  profiles  labeled  "A"  for  the  pre¬ 
vious  iteration.  Comparison  of  the  ne-profiles  with  the  n^-pro files  labeled  "A"  (to 
denote  that  the  ^-profiles  and  ne-profiles  in  the  figure  are  derived  from  these) 
indicates  that  the  quasineutrality  assumption  is  valid  everywhere  outside  a  cone- 
shaped  region  near  the  wake  surface;  the  cone  height  along  the  axis  is  between  one 
and  two  radii.  This  is  in  accord  with  expectation  for  a  large  body.  Near  the  wake 
surface,  however,  quasineutrality  is  violated  because  the  effective  Debye  length  is 
large.  The  similarity  of  the  n^-profiles  labeled  "A"  and  the  ne-profiles  in  figure 
la  is  a  consequence  of  near-quasineutrality. 

Despite  possible  inaccuracies ,  one  may  infer  certain  physical  conclusions  from 
figure  la,  namely,  (a)  the  suggestion  of  a  core  of  high  (approximately  ambient)  den¬ 
sity  of  ions  and  electrons  on  the  axis,  and  (b)  the  occurrence  of  a  potential  well  in 
the  near  wake,  defined  as  a  region  with  <}>-values  below  -4.  The  shading  in  the  two 
lowest  ^-profiles  denote  cross  sections  of  this  well.  The  wake-surface  normalized 
fluxes  are  1.1  x  10_®  ("A")  and  2.4  x  10-^  (final)  for  ions,  and  4.3  x  10“  3  for  elec¬ 
trons.  The  electron  current  density  is  less  than  exp(-4),  as  would  be  expected  in 
the  presence  of  a  potential  well. 

The  region  of  wake  disturbance  probably  extends  more  than  6  radii  downstream, 
and  between  2  and  3  radii  in  the  transverse  direction. 

Case  2  (fig.  lb)  is  similar  to  Case  1  except  that  the  Mach  number  is  increased 
from  M=4  to  M=8 .  The  next-to- final  and  final-order  ion  densities  are  labeled  "A"  and 
unlabeled,  respectively.  On  comparing  these,  the  convergence  seems  fairly  good  at 
z=0.5  and  z=l  radii  downstream.  Again,  the  disturbance  extends  beyond  z=5,  so  that 
the  downstream  boundary  should  be  moved  further  than  z=6  radii  downstream. 
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Despite  possible  inaccuracies,  the  consistency  is  such  that  physical  conclusions 
may  be  drawn  as  follows.  In  this  case  the  wake  is  seen  to  remain  empty  further  down¬ 
stream  than  in  the  M«4  case.  In  addition,  the  suggestion  is  much  stronger  that  there 
is  a  central  core  of  ambient  density  for  both  ions  and  electrons  along  the  axis. 
Moreover,  the  potential  well  is  wider  and  longer  than  in  the  M*4  case,  although  the 
depth  is  about  the  same.  The  normalised  wake-surface  fluxes  are  7*4  x  10“3°  ("A") 
and  4.2  x  10“ 3°  (final)  for  ions,  and  3.7  x  10~3  for  electrons.  The  electron  flux  is 
slightly  less  than  the  M>4  value,  and  is  again  less  than  exp(-4). 

The  conical  region  behind  the  disk  where  nuasineutrality  breaks  down  is  nov 
longer  than,  in  the  M«4  case,  extending  to  between  z«4  and  z»5  radii  along  the  axis. 

The  region  of  wake  disturbance  is  probably  longer  than  6  radii  downstream,  as  in 
the  M-4  case,  but  may  not  extend  beyond  about  2  radii  in  the  transverse  direotlon. 


Theory-Experiment  Comparison  for  AE-C  Satellite 

Next,  we  note  that  Parker's  wake  theory  computer  model  has  been  applied  by  Samir 
and  Fontheim  (ref.  4)  in  a  comparative  study  of  ion  and  electron  distributions  in  the 
wakes  of  ionospheric  satellites.  From  a  comparison  between  the  theory  and  ion  mea¬ 
surements  on  the  AE-C  satellite,  Samir  and  Fontheim  show  that  theory  and  experiment 
agree  fairly  well  in  the  "angle-of-attack"  range  between  90°  and  13?°.  (The  upstream 
and  downstream  directions  are  defined  by  0°  and  180°,  respectively.)  A  significant 
finding  is  the  fact  that  in  that  angular  range  even  the  "neutral  approximation"  for 
ionB  (straight-line  trajectories,  independent  of  electric  fields)  gives  fair  agree¬ 
ment  with  the  measurements.  (In  the  near-wake  maximum  rarefaction  zone  near  160°, 
both  the  neutral  approximation  and  the  self-consistent  solution  underestimate  the 
measured  ion  densities  -  inferred  from  probe  currents  -  by  orders  of  magnitude. 
Electron  data  obtained  by  the  Explorer  31  satellite  also  shows  an  underestimation 
near  l80°  by  the  Parker  wake  theory,  although  less  pronounced.) 

The  largest  ratio  of  body-radius-to-Debye -length  (that  is,  the  inverse  of  the 
Debye  number)  treated  by  Samir  and  Fontheim  (ref.  4)  is  Rjy«i62,  in  one  of  the  AE-C 
cases. 

Figures  2a,  b  (from  rof.  4)  illustrate  the  geometry  of  the  AE-C  ion  measurement, 
and  the  ion  ref  .ilts  for  inverse  Dab;,  ?  number  162.  The  locations  of  the  ion  current 
observation  points,  and  of  the  numerical  grid  points  at  which  densities  were  calcu¬ 
lated,  are  shown  in  figure  2a.  The  geometry  of  the  theoretical  model  is  that  of  a 
pillbox  cylinder  with  its  axis  parallel  to  the  flow,  while  the  true  geometry  is  that 
of  a  pillbox  cylinder  in  a  "cross-flow,"  that  iu,  with  its  axis  perpendicular  to  tha 
flow.  In  spite  of  this^  the  theory-experiment  comparison  Ik  deemed  by  Ssmlr  and 
Fontheim  to  be  meaningful,  in  view  of  uncertainties  in  the  calculations  and  estimated 
measurement  errors.  (The  depth  in  tho  direction  of  the  flow  is  the  same  for  both  the 
satellite  and  the  model,  and  the  cross  sections  presented  to  the  flow  are  nearly  the 
same.)  The  current  probe  moves  on  a  circular  arc  at  a  radial  distance  of  about  1.5 
satellite  radii. 

In  figure  2b,  the  measured  angular  profile  is  shown  together  with  the  neutral 
approximation  (zero-th  iteration)  and  the  self-consistent  solution  (15-th  iteration). 
The  self-consistent  solution  is  closer  to  the  experimented,  profile,  in  the  angular 
range  90°  -  147°,  than  the  neutral  approximation.  Near  180°,  the  self-consistent 
solution  is  <:  to  3  orders  of  magnitude  below  the  measured  data,  while  the  neutral 
approximation  is  about  10  orders  of  magnitude  lower. 


However,  in  their  overall  comparison  assessment,  Samir  and  Fontheim  state  that 
the  neutral  approximation  describes  the  observed  profiles  more  and  more  accurately  as 
the  inverse  Debye  number  (ratio  of  body  radius  to  Debye  length)  becomes  large.  This 
is  Justified  physically  based  on  the  expectation  that  charge  separation  effects 
become  weaker  as  the  body  size  increases.  This  is  equivalent  to  the  setting-in  of 
the  quasi neutrality  regime,  at  sufficiently  large  inverse  Debye  numbers . 


Wake  of  Very  Large  Conducting  Body  in  LEO:  Recent  Results 


We  now  treat  the  wake  of  a  much  larger  conducting  body,  larger  than  any  treated 
previously.  In  this  case  the  self-consistent  calculation  becomes  computationally 
relatively  expensive.  However,  a  reasonable  approximation  is  afforded  through  the  use 
of  the  "neutral  approximation"  for  ions.  That  is,  the  ion  trajectories  governing  ion 
space  charge  density  are  treated  as  if  the  ions  were  uncharged  and  unaffected  by  the 
field.  The  electron  space  charge  density  is  assumed  to  be  given  by  the  "Boltzmann 
factor",  that  is,  the  exponential  of  the  repulsive  dimensionless  potential.  To  some 
extent  this  approximation  is  supported  by  the  Samir  and  Fontheim  in-situ  comparison 
discussed  above.  In  any  case  it  is  qualitatively  valuable  and  lea  Is  to  physical  in¬ 
sights  with  a  minimum  of  computational  expense.  This  approximation  was  used  by  Kiel 
et  al  (ref.  11).  (We  compute  current  balance  later  using  rigorous  trajectories.) 


The  potential  distribution  in  the  wake  of  a  conducting  satellite,  in  the  form  of 
a  long  cylinder  with  its  axis  normal  to  the  flow,  assumed  to  have  a  dimensionless 
potential  of  3  kT/e,  is  shown  in  figures  3a,  b  and  c,  for  bodies  with  inverse  Debye 
numbers  ranging  from  10  to  10  ,  and  flow  Mach  numbers  ?,  5  and  8.  Figure  3a  shows  how 
the  wake  potential  profile  varies  with  inverse  Debye  number,  for  fixed  Mach  number  = 

8.  The  profiles  for  inverse  Debye  numbers  10,  102  and  10^  are  similar  to  results 
obtained  earlier  for  a  sphere  by  Kiel  et  al  (see  fig.  5  of  ref.  ll).  The  Kiel  et  al 
(ref.  11)  results  are  for  inverse  Debye  numbers  up  to  10^.  We  have  extended  the  solu¬ 
tions  to  10^.  The  wake  potential  profile  has  a  negative  minimum  for  inverse  Debye 
numbers  greater  than  about  10.  The  magnitude  of  the  minimum  is  about  7,  10,  lU  and 
19,  respectively,  for  inverse  Debye  numbers  102,  10^,  10  and  10^.  Figure  3b  shows 
how  the  wake  potential  profile  varies  with  Mach  number,  for  fixed  inverse  Debye  num¬ 
ber  =  10-3.  The  depth  of  the  potential  minimum  clearly  increases  with  both  increasing 
Mach  number  and  inverse  Debye  number.  Figure  3c  shows  equipotential  contours  for  Mach 
number  =  8  and  inverse  Debye  number  =  105. 


These  results  would  be  applicable  to  the  Shuttle  Orbiter  (inverse  Debye  number 
about  104)  if  it  were  a  conducting  body.  However,  most  of  its  surface  (about  97%)  is 
covered  with  nonconducting  tiles.  Hence  it  must  be  treated  as  a  large  nonconducting 
body  in  LEO.  The  differential  charging  of  such  bodies  is  treated  in  the  remainder  of 
this  paper. 


WAKE  STRUCTURES  AND  DIFFERENTIAL  CHARGING  OF  SMALL  AND  LARGE 
NONCONDUCTING  BODIES  DUE  TO  PLASM  FLOWS 


Differential  Charging 

Differential  spacecraft  charging  takes  place  when  the  spacecraft  surface  is 
partly  or  entirely  insulating  and  the  charged-particle  fluxes  vary  from  point  to 
point  over  the  surface.  In  the  familiar  case  of  photoelectric  emission  from  a  sunlit 
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insulated  area,  due  to  electrons  escaping  from  it  the  sunlit  area  tends  to  become 
positively  charged  relative  to  the  surrounding  dark  areas  (refs.  5-7).  Another  mech¬ 
anism  of  differential  charging,  which  is  less  familiar  and  appears  to  have  been 
treated  only  very  recently  (ref.  8),  is  that  due  to  the  relative  motion  between  a 
nonconducting  spacecraft  and  the  external  plasma  (e.g.,  a  spacecraft  in  the  iono¬ 
sphere  or  in  the  solar  wind).  The  fluxes  of  ambient  ions  and  electrons  on  the  wake 
surface  are  not  the  same  as  on  the  front  surface.  For  high  velocities  of  relative 
motion  compared  with  the  mean  ion  thermal  velocity,  whether  this  occutb  in  the  iono¬ 
sphere  (due  principally  to  spacecraft  motion)  or  in  the  solar  wind  (due  principally 
to  plasma  motion),  there  is  a  significant  differential  in  the  ion  fluxes,  but  a  neg¬ 
ligible  differential  for  the  electrons.  Since  the  net  current  density  must  vanish 
looally  at  each  surface  point  in  the  steady  state,  this  plasma-flow  effect  leads  to  a 
larger  negative  equilibrium  potential  on  the  wake  surface  than  on  the  front  surface. 

If  there  is  photoemission  as  well  on  the  front  surface  (as  in  the  solar  wind),  this 
differential  charging  is  enhanced.  As  shown  bolow,  this  plasma-flow  effect  oan  gener¬ 
ate  differences  between  the  front  and  wake  surface  potentials  amounting  to  many  kT/e 
(where  T  is  the  temperature,  k  is  Boltzmann's  constant,  and  e  is  the  electron  charge), 
together  with  a  potential  barrier  for  electrons.  The  potential  difference  can  be 
expected  to  be  of  the  order  of  volts  in  the  ionosphere,  and  one  kilovolt  in  the  solar 
wind,  that  is,  of  the  order  of  the  ion  drift  energy  (ref.  6). 

Even  weak  differential  charging  can  interfere  with  measurements  of,  say,  weak 
ambient  electric  fields  or  low-energy  particle  spectra,  and  it  can  create  electron 
potential  barriers  which  can  return  emitted  photoelectrons  or  secondary  electrons  to 
the  surface  and  lead  to  erroneous  interpretations  of  the  data  (ref.  9).  This  type  of 
electron  potential  barrier  is  distinct  from,  and  should  not  be  confused  with,  the 
more  familiar  space-charge  potential  minimum  which  can  be  produced  by  emltted- 
eleotron  space  charge  (ref.  10)  and  is  not  due  to  differential  charging.  The  barrier 
produoed  by  differential  charging  effects  may  be  mors  important  than  the  potential 
minimum  caused  by  apace  charge. 

The  next  section  results  show  what  may  be  expected:  (a)  in  the  ionosphere  for 
small  insulated  objects,  small  meteroids,  or  small  parts  of  a  spacecraft  (e.g.,  a 
painted  antenna)  located  within  the  wake  region  of  a  moving  spacecraft,  and  (b)  in 
the  solar  wind  for  an  entire  spacecraft,  or  small  natural  bodies  in  the  solar  system. 
Following  the  next  section,  the  wake  structure  and  differential  charging  of  very 
large  nonconducting  bodies  in  Low  Earth  Orbit  will  be  treated. 

Differential  Charging  of  Small  Nonconducting  Body 

In  the  problem  treated  next,  (see  fig.  *0,  we  assume  the  nonconducting  spacecraft 
to  have  a  "pillbox"  shape,  and  to  be  in  a  flowing  plaBtna,  with  the  plasma  flow  along 
the  axis,  from  the  "front"  region  toward  the  "vake"  region.  The  plasma  is  taken  to 
be  ionized  hydrogen  and  is  assumed  to  have  a  velocity  of  flow  4  times  larger  than  the 
most  probable  ion  thermal  velocity  (ion  "Mach  number"  ■  h),  (In  the  solar  wind,  this 
Mach  number  would  be  approximately  10.)  Since  the  unperturbed  ion  flux  to  the  wake 
surface  is  about  9  orders  of  magnitude  smaller  than  the  corresponding  ion  flux  to  the 
front  surface,  and  since  the  electron  fluxes  are  about  the  same  to  the  front  and  wake 
surfaces,  there  will  be  a  significant  differential  between  the  equilibrium  potentials 
at  the  front  and  wake  surfaces  (see  below). 

Using  the  Inside-Out  Method,  current  densities  of  ions  and  electrons  are  evalu¬ 
ated  at  many  points  on  the  spacecraft  surface  (refs.  7-8).  The  local  Burface  poten¬ 
tials  were  varied  until  current  balance  was  achieved  at  each  point. 
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figure  4  shows  equipotential  contours  around  the  spacecraft,  obtained  by  numeri¬ 
cal  solution,  labeled  by  numbers  repreaer ling  dimensionless  values  of  the  potential 
(in  units  of  kT/e,  where  T  is  the  plas.w*  temperature,  and  assuming  Tj^Tg).  These 
potentials  are  obtained  from  Laplace’s  equation  (space  charge  negligible  for  small 
bodies),  where  the  surface  potentials  are  obtained  by  the  relaxation  method  discussed 
by  Parker  (ref.  8),  under  the  requirement  of  zero  net  current  density  at  all  surface 
points.  The  errors  in  the  solution  shown  are  estimated  to  be  under  10  percent,  based 
on  several  runs  giving  similar  answers  starting  from  different  initial  guesses. 

There  are  three  regions  of  characteristic  behavior  of  the  potential:  the  "wake", 
the  "side",  and  the  "front".  Near  the  "wake  point,"  the  potentials  are  of  the  order 
of  -10  kT/e.  This  large  negative  value  is  associated  with  the  reduction  in  ion  flux 
due  to  the  flow.  In  the  side  region  the  potentials  are  of  the  order  of  -3  kT/e;  this 
is  essentielly  the  order  of  the  equilibrium  potential  when  there  is  no  flow 
('w(kT/e)ln(m^/me)i5) .  In  the  front  region  the  potentials  are  of  the  order  of  -kT/e, 
i.e.,  are  less  negative  than  those  on  the  side,  because  of  the  enhancement  of  the  icn 
flux  due  to  the  flow.  (Adding  photoeraission  here  would  make  the  front  potential  still 
less  negative.)  The  surface  points  are  thus  not  equipotential.  Note  that  there  is  a 
saddle  point  in  the  front  region,  that  is,  a  potential  barrier  for  electrons.  This 
feature  is  caused  by  the  interaction  between  the  relatively  large  magnitude  wake-point 
potentials  and  the  relatively  low  magnitude  front  potentials.  The  dashed  part  of  the 
contour  labeled  "-3.0"  near  the  side  surface  indicates  that  there  is  more  complicated 
fine  structure  (variation  of  potential  along  the  side  surface)  than  is  shown  in  the 
figure.  The  potentials  along  the  wake  surface  fall  off  toward  the  corner.  The  poten¬ 
tials  along  the  front  surface  first  fall  with  radius  and  then  rise  sharply  as  the 
corner  is  approached.  This  may  be  a  "corner  effect." 

It  is  shown  by  Parker  (ref.  7)  that  when  the  ion  Mach  number  is  large  (ir.  the 
ionosphere  and  solar  wind),  the  potential  difference  AV  generated  by  the  flow  should 
be  of  the  order  of  miv2/2e,  or  0 .0052m^ (amu)v^ (km/s )  in  volts,  where  m^Camu)  and 
v(km/s)  denote  the  ion  mass  in  atomic  mass  units  and  the  flow  velocity  in  kilometers 
per  second,  respectively.  In  the  ionosphere,  with  oxygen  ions  and  orbital  velocities 
of  the  order  of  8  km/s,  AV  is  about  5  V.  Hence  one  would  expect  a  relatively  small 
body  in  the  ionosphere,  such  as  a  thin  antenna  or  boom  painted  with  nonconducting 
paint,  or  a  painted  or  insulated  object  in  the  very  near  wake  of  a  spacecraft  (or  the 
spacecraft  surface  itself  if  it  is  a  dielectric)  to  become  highly  negatively  charged 
to  potentials  of  the  order  of  volts  in  the  ionosphere. 

In  the  solar  wind  these  results  could  apply  to  an  entire  spacecraft,  since  it  is 
small  in  comparison  with  the  Debye  length.  With  protons  and  solar  wind  velocities  of 
about  400  km/s  or  higher,  AV  is  of  the  order  of  1  kV.  This  means  that  one  may  have 
kilovolt  potential  differences  between  the  wake  and  front  surfaces.  The  electric 
fields  due  to  this  differential  charging  may  significantly  disturb  measurements  of 
space  electric  fields,  or  of  low-energy  plasma  electrons,  for  example,  on  the  Helios 
spacecraft  (ref.  6).  Moreover,  because  of  this  solar  wind  flow  effect,  small  natural 
''bodies  in  the  solar  system  (i.e.,  bodies  r.ot  large  in  comparison  with  the  Debye 
length  or  ion  gyroradius)  may  be  expected  to  become  differentially  charged  with  poten¬ 
tial  differences  of  the  order  of  1  kV,  independent  of  whether  there  is  photoemission 
or  not.  Candidates  for  this  effect  include  raicrometeroids ,  dust,  asteroids,  the 
planet  Pluto,  and  natural  small  satellites  such  as  Mars'  moon  Deimos  and  Saturn's  ring 
material  when  they  are  outside  the  bow  shock  (M.  Dryer,  personal  communication,  1978). 

For  large  bodies  in  flowing  plasmas,  space  charge  cannot  be  neglected.  The  wakes 
and  differential  charging  of  very  large  bodies  are  treated  in  the  following  section. 
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Wiike  Structure  and  Differential  Charging  of  Very  Large 
Nonconducting  Bodies  in  LEO  Plasma  Flows:  Recent  Results 


There  is  considerable  interest  In  the  charging  and  electric  fields  of  the  Shuttle 
Orbiter.  This  is  an  important  example  of  a  very  large  spacecraft  in  Low  Earth  Orbit 
(inverse  Debye  number  about  10** )  with  most  of  its  aurface  (about  97)0  nonconducting. 
Only  the  small  area  in  the  vicinity  of  the  engines  is  conducting  and  electrically 
grounded  to  the  main  frame.  Figures  5a  and  5b  indicate  how  the  Orbiter  may  be  sub¬ 
jected  to  different  types  of  differential  charging  depending  on  its  orientation  with 
respect  to  the  plasma-flow  direction.  In  figure  5a,  the  Orbiter  is  moving  "nose- 
forward,"  i.e.,  heading  into  the  flow.  The  wake-point  potential  (location  indicated 
by  a  cross)  occurs  essentially  in  the  engine  area,  and  thus  defines  also  the  Orbiter 's 
ground  potential.  The  rest  of  the  spacecraft  surface  Is  electrically  isolated  and 
has  In  general  a  different  potential  distribution.  The  cargo  bay  area  is  a  'Side" 
region  according  to  the  terminology  of  the  previous  section.  In  figure  5b  the 
Orbiter  is  moving  "belly- forward."  With  this  orientation  the  wake-point  potential 
occurs  in  the  cargo  bay  area,  which  is  electrically  Isolated  from  the  Orbiter  ground. 
The  ground  Is  defined  by  a  different  potential  attained  by  the  engine  area.  In  the 
shovn  orientation,  the  engine  area  is  a  "side"  region. 

Hence,  the  maximum  negative  ground  potential  of  the  Orbiter  would  occur  vhen  the 
Orbiter  Is  in  the  nose- forward  orientation,  while  the  cargo-ba,r  potential  would  be 
intermediate  between  this  and  the  plasma  potential.  With  the  belly- forward  orienta¬ 
tion,  the  roles  of  ground  potential  and  cargo-bay  potential  would  be  reversed,  with 
the  cargo  bay  at  maximum  negative  potential,  and  Orbiter  ground  at  intermediate 
potential. 

In  the  present  paper  the  wake  structure  end  the  wake-point  potential  of  a  very 
large  nonconducting  body  in  LEO  such  as  the  Orbiter  are  calculated  using  certain 
approximations .  The  geometry  is  modeled  by  a  circular  cylinder  as  illustrated  in 
figure  6.  The  wake  point  is  the  isolated  area  indicated  by  a  cross  in  the  figure. 
Again,  because  of  computational  expense,  we  use  the  neutral  approximation,  but  only 
for  ion  space  charge.  However,  the  differential  charging,  e.g.  the  wake-point  poten¬ 
tial,  is  calculated  rigorously  by  current  balance  using  I ns ids -Out -Method  trajectories 
(refs.  7-8),  for  both  lone  and  electrons,  in  the  resulting  electric  field  distribution. 

For  a  nonconducting  body  of  sny  size,  current  balance  at  the  wake  point  results 
in  significant  negative  wake-surface  potentials,  (Nonconducting  bodies  were  not 
treated  by  Kiel  at  al.)  Figures  7a  and  7b  ahov  resulta  for  inverse  Debyo  number  10^, 
and  Mach  number*  2,  5  and  6.  There  ii  no  potential  minimum.  Instead  the  vake  point 
attains  the  highest  negative  potential,  resulting  in  a  monotonic  rather  than  non¬ 
monotonic  potential  profile  in  the  wake.  Figure  7a  shows  how  the  wake-point  poten¬ 
tial  increases  with  increasing  Mach  number,  for  a  fixed  inverea  Debye  number  ■  10*. 

The  wake-point  potential  magnitude  is  about  8,  20  and  3 6  kT/e,  respectively,  for  Mach 
numbers  2,  5  and  8.  Figure  77>  shows  equipotential  contours  for  Mach  number  •  8  and 
inverse  Debye  number  *  105.  These  contours  (nonconducting  body)  may  be  compared  with 
those  of  a  large  conducting  body  with  the  eame  parameters  (fig.  3c). 

Tabl*  1  show*  hov  the  wake  surface  potential  of  a  nonconducting  large  body 
varies  with  Mach  number  and  inverse  Debye  number.  Evidently,  the  wake  surfaoe  poten¬ 
tial  la  insensitive  to  inverse  Debye  number.  The  table  alio  gives  the  values  of  the 
dimensionless  current  density  (equal  of  course  for  ions  and  electrons)  at  the  wake 
surface.  For  cooparlaon,  also  shown  are  the  ion  currents  that  would  result  from 
vising  the  neutral  approximation  to  calculate  currents  (see  ref.  7),  These  are  soen 
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to  toe  many  orders  of  magnitude  smaller  than  the  more  realistic  currents  calculated 
using  ion  trajectories  affected  toy  the  field. 


Bor  large  nonconducting  bodies  in  high-Mach-number  flows,  the  wake-to-front 
potential  difference  generated  toy  the  flow  is  less  than  tout  of  the  order  of  the 
potential-equivalent  of  the  ion  drift  energy.  ThiB  result  1b  similar  to  that 
obtained  above  for  the  case  of  a  small  nonconducting  body. 

Finally,  we  illustrate  in  figures  8a,  8b  and  8c  examples  of  intricate  3-D  large- 
body  geometries  of  aerospace  interest  (including  the  Orbiter)  for  which  a.  wake- 
modeling  capability  will  be  achieved  using  techniques  presently  under  development  at 
Lee  W  Parker,  Inc, 
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Figure  4.  -  Differential  charging  of  nonconducting  spacecraft  In  plasma  flow  at 
Mach  4.  No  space  charge. 
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GROUND 

POTENTIAL 

(a)  Nose-forward  orientation. 

(b)  Belly-forward  orientation. 

Figure  5.  -  Shuttle  orblter  In  LEO  plasma  flow,  Indicating  wake  points  and 
orblter  ground  potential  points.  Very  large  nonconducting  body. 
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(a)  Variation  with  Mach  number  at  fixed  Inverse  Debye  number  of  105. 


(b)  Equlpotentlal  contours  (dimensionless  potential)  In  wake  of  nonconducting 
cylinder.  Surface  potential  distribution  from  3  to  36.2,  In  units  of 
kT/e,  determined  by  polntwlse  current  balance.  Mach  number  »  8.  Inverse 
Debye  number  *  10®.  (Dimensions  In  units  of  spacecraft  radius). 

Figure  7.  -  Wake  potential  profiles  (dimensionless  potential  and  equipotentlal 
contours  In  wake  of  nonconducting  cylinder,  a  »  potential  In  units  of 
kT/e;  r  ■  downstream  distance  In  units  of  spacecraft  radius. 
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(c)  Starship  Enterprise  model. 
Figure  8.  -  Concluded. 
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SHEATH  IONIZATION  MOOCL  OF  BEAM  EMISSIONS  FROM  LARGE  SPACECRAFT 


S.  T.  Lai  and  H.  A.  Cohan 
Air  Force  Geophysics  Laboratory 
Hanscom  Air  Force  Base,  Massachusetts  01731 

K.  H.  Bhavnanl  and  M.  Tautz 
Radex,  Inc. 

Carlisle,  Massachusetts 


An  analytical  model  of  the  charging  of  a  spacecraft  emitting  electron  and 
Ion  beams  has  been  applied  to  the  case  of  large  spacecraft,  in  this  model, 
Ionization  occurs  In  the  sheath  due  to  the  return  current.  Charge  neutraliza¬ 
tion  of  spherical  space  charge  flow  Is  examined  by  solving  analytical  equations 
numerically.  Parametric  studies  of  potential  of  large  spacecraft  are  performed. 
As  In  the  case  of  small  spacecraft,  the  Ions  created  In  the  sheath  by  the 
returning  current  play  a  large  role  In  determining  spacecraft  potential. 


INTRODUCTION 

The  potential  difference  created  between  spacecraft  ground  and  the  ambient 
plasma  during  the  ejection  of  a  beam  of  electrons  from  a  sounding  rocket  pay- 
load  In  the  Ionosphere  (ref.  1)  has  been  found  to  be  much  less  than  had  origi¬ 
nally  been  theoretically  predicted  (ref,  2).  To  determine  the  reasons  for 
this  limited  potential  difference,  large-vacuum-chamber  tests  were  conducted 
In  which  electron  and  Ion  currents  were  ejected  from  a  payload  Into  a  simulated 
Ionosphere. 

As  a  plausible  explanation  to  the  observed  current  voltage  behavior, 
sheath  Ionization  models  (refs.  3,4)  for  small  spacecraft  have  been  studied. 
When  an  electron  beam  Is  emitted  from  a  spacecraft,  ambient  electrons  are 
attracted  by  the  charged  spacecraft  (ref.  5).  They  collide  with  the  neutral 
atmospheric  molecules  In  their  paths  and  may  be  energetic  enough  to  Ionize  the 
neutrals  to  form  new  electrons  and  Ions  (ref.  6).  These  newly  created  charges 
alter  the  space  charge  current  arriving  at  the  spacecraft  and  shift  the  poten¬ 
tial  to  a  lower  value.  The  beam  electrons  are  assumed  to  be  energetic  enough 
to  leave  the  spacecraft  completely  and  to  play  a  negligible  role  In  the  Ioniza¬ 
tion.  This  mechanism  Is  capable  of  explaining  the  nonmonotonic  current-voltage 
behavior  observed. 

In  this  paper,  we  apply  the  sheath  Ionization  model  to  large  spacecraft 
In  the  Ionosphere.  In  particular,  It  Is  Important  to  find  out  whether  the 
nonmonotonic  current-voltage  behavior  during  electron  beam  emissions  would 
still  be  present  for  large  spacecraft.  Details  of  the  method  arc  given  and 
followed  by  a  discussion  of  results. 
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SYMBOLS 


« 


E 

!b 

m 


n 

n‘ 


P 

R 


p 

4 


electron  charge 
elactrlc  field 
beam  current 
mass  of  electron 
mass  of  Ion 

density  of  ambient  electrons 
density  of  Ionization  Ions 
density  of  Ionization  electrons 
probability  of  Ionization 
radius  of  spacecraft 

radial  position  measured  from  center  of  spacecraft 
radial  position  used  as  Integration  variable 
radius  of  sheath  measured  from  center  of  spacecraft 
velocity  of  an  electron  In  sheath 
thermal  velocity  of  ambient  electron 
sweep  velocity 
permittivity  of  space 

mean  free  path  of  electron  neutral  collision 
space  charge  density 
electric  potential 


MATHEMATICAL  FORMULATION 

The  method  of  approach  used  Is  to  study  an  analytical  "plasma  probe"  model 
(refs.  3,4, 7, 8),  with  space  charge  flow  of  electrons  accelerating  through  the 
sheath  surrounding  a  spherical  "probe,"  which  represents  a  spacecraft  In  an 
lonlzable  plasma  environment.  Magnetic  field  effect  Is  Ignored  In  this  model. 

The  beam  1$  assumed  to  be  energetic  enough  to  leave  the  spacecraft  com¬ 
pletely  and  Is  not  stopped  by  Its  own  space  charge  at  all.  As  the  beam  elec¬ 
trons  leave,  the  spacecraft  becomes  charged  oppositely.  A  polarization  region 
(sheath)  Is  formed  In  the  vicinity  of  the  spacecraft.  In  our  model,  Ions  are 
assumed  to  be  depleted  due  to  charge  repulsion  Inside  the  sheath  (fig.  1). 

The  depletion  radius  r0  will  be  defined  by  the  balance  of  the  outgoing 
beam  current  with  the  Incoming  ambient  current.  For  a  beam  current  I5,  the 
depletion  radius  r0  Is  determined  by 

lb  -  4»r§nfevth  0) 

where  v^  Is  the  thermal  velocity  and  n(  is  the  number  density  of 
ambient  electrons.  Some  typical  values  of  sheath  radius  as  calculated  by  means 
of  equation  (1)  are  shown  In  figure  2. 


The  potential  4  at  any  point  Inside  the  sheath  Is  governed  by 
Poisson's  equation: 


V2*  -  -  f-  (2) 

o 

* 

where  p  Is  the  space  charge  density  and  c0  Is  the  permittivity  of  empty 
space. 


Spherical  Symmetric  System 


To  simplify  the  geometry,  we  assume  spherical  symmetry  In  the  spacecraft 
and  sheath  system.  Equation  (2)  becomes  simply  a  radial  equation: 
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where  the  gradient  of  the  potential  +  gives  the  electric  field  E: 


(4) 


Taking  into  account  the  electron  and  Ion  pairs  created  as  a  result  of  Ioniza¬ 
tion,  the  charge  density  p  at  any  point  r  In  the  sheath  Is  given  by  the 
sum  of  charge  densities  (fig.  3): 

p(r)  -  e  (n+(r)  -  n~(r>  -  n#(r))  (5) 

where  n»  Is  the  return  current  (primary)  electron  density  and  n+  and 
n-  are  the  Ionization  Ion  and  electron  densities,  respectively,  due  to 
return  current  electron  collisions  with  neutrals. 

The  Ionization  electron  density  n~(r)  Is  due  to  all  ionizations  that 
occur  outward  of  r,  and  the  density  n+(r)  of  Ions  at  r  It  due  to  all 
Ionizations  that  occur  Inward  of  r.  Thus 
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where 
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Numerical  Method 


To  solve  the  system  of  equations  (3)  to  (8),  one  divides  the  space  of  the 
sheath  into  N  concentric  shells  and  sets  up  N  equations  for  the  N  unknowns 
(fig.  4).  In  view  of  the  complexity  of  the  Ionization  terms  In  equations 
(6)  and  (7),  It  Is  Impossible  to  solve  these  equations  exactly.  Instead,  one 
seeks  the  approximate  solutions  that  minimize  a  function  F,  the  mean  square 
of  fi,  constructed  from  the  radial  Poisson  equation  (eq.  (3))  for  the  1™ 
cell,  where  1  -  1,  ....  N. 
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where  the  electric  field  E  (eq.  (4))  Is  constructed  In  a  finite  difference 
scheme: 
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The  numerical  method  used  to  solve  equations  (8)  to  (10)  Is  the  standard 
Newton-Raphson  method  of  Iteration: 


r(HD 

E1 


(ID 


A  set  of  trial  solutions  Is  used  to  start  In  the  Newton-Raphson  Iteration 
process,  and  a  converge.it  set  of  solutions  Is  sought  for  each  set  of  Input 
parameters  such  as  beam  current,  ambient  electron  density,  ambient  electron 
temperature,  mean  free  path,  and  spacecraft  radius. 


RESULTS  AND  DISCUSSION 

Figure  5  shows  the  computed  results  of  spacecraft  potential  as  a  function 
of  electron  beam  current  for  various  electron  densities,  electron  temperatures, 
and  mean  free  paths.  The  nonmonotonic  behavior  of  potential  current  curves 
shows  up.  At  low  currents,  the  potential  Increases  with  beam  current.  When 
the  current  Increases  further,  Ionization  occurs  Inside  the  sheath.  The 
potential  then  turns  around  as  the  current  of  the  electron  beam  Increases. 

The  Ion  and  electron  charges  created  by  Ionization  alter  the  behavior  of 
the  space  charge  flow,  originally  governed  by  the  single  charged  Poisson  equa¬ 
tion.  The  potential  turns  to  a  lower  value  and  stays  approximately  constant 
as  current  further  Increases. 
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At  this  stage,  the  potential  profile  as  a  function  of  radial  distance 
shows  locally  flat  gradient.  This  Is  due  to  Ions  created  Inside  the  sheath 
not  being  able  to  move  out  quickly  because  of  their  heavy  masses.  If  a  local 
Ion  charge  buildup  forms  a  potential  hump,  Ion  motion  would  be  two  ways,  and 
the  theory  would  then  break  down. 


To  overcome  this  difficulty,  a  sweep  velocity  vs  Is  added  to  the  Ions. 
Equation  (7)  becomes 
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It  Is  argued  that  the  motion  of  a  spacecraft  relative  to  Its  plasma  envi¬ 
ronment  can  provide  such  a  sweep  velocity  vs  (eq.  (12)).  The  value  of 
Vj  Is  of  the  order  of  spacecraft  velocity  and  Is  an  arbitrary  Input  to  the 
computation.  However,  at  a  higher  current,  a  potential  hump  again  shows  up, 
and  the  computation  falls  to  converge.  The  technique  breaks  down.  It  Is  con¬ 
jectured  that  two-way  space  charge  flows  should  be  accommodated  when  a  poten¬ 
tial  hump  appears. 

For  Increasing  spacecraft  radii,  the  nonmonotonic  current-voltage  behavior 
still  persists  (fig.  6).  However,  Increased  spacecraft  radius  lowers  the 
maximum  spacecraft  potential  Induced  by  beam  emission.  Also,  the  amplitude  of 
the  difference  between  the  maximum  potential  and  the  minimum  (beyond  tho  turn¬ 
around)  diminishes.  Figure  7  shows  a  plot  of  the  envelope  of  maximum  and 
minimum  potentials  for  various  spacecraft  radii. 


For  a  given  beam  current  I|,  (eq,  (1)),  the  sheath  surface  area  remains 
constant  and  Is  unaffected  by  the  Increase  In  spacecraft  radius.  The  sheath 
thickness  (defined  as  the  sheath  radius  minus  the  spacecraft  radius),  however, 
diminishes.  As  a  result,  a  lower  spacecraft  potential  Is  sufficient  to  attract 
ambient  electrons,  through  the  sheath,  for  the  compensation  of  electron  beam 
current  leaving  the  spacecraft. 

Beyond  the  turnaround  point  In  a  current-potential  curve,  the  minimum 
potential  Is  limited  by  the  minimum  energy  required  to  Ionize  a  neutral  mole¬ 
cule  In  the  atmosphere.  Since  such  a  minimum  energy  Is  generally  of  the  order 
of  20  eV  (ref.  6),  the  minimum  potential  In  a  current-potential  curve  Is 
expected  to  approach  about  20  eV  asymptotically,  depending  on  the  model  of 
Ionization  used  For  the  same  reason,  If  the  maximum  potential  Induced  by 
beam  emissions  Is  below  about  20  eV,  no  nonmonotonic  behavior  Is  expected. 


Figure  7  shows  the  calculated  envelopes  of  the  maximum  and  minimum  (beyond 
turnaround)  potentials  for  various  spacecraft  radii  In  a  given  ambient  environ¬ 
ment.  The  amount  of  Ionization  becomes  very  small  as  the  sheath  potential 
approaches  the  minimum  Ionization  potential.  The  amplitude  of  the  potential 
drop  beyond  the  turnaround  also  approaches  the  value  of  minimum  Ionization 
energy. 


There  Is  another  critical  beam  currant,  which  manifests  Itself  for  large 
spacecraft,  but  not  for  small  ones.  This  current  Is  determined  by  equating 
the  sheath  radius  to  the  spacecraft  radius.  If  the  sheath  radius  Is  too  small, 
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the  spacecraft  will  receive  enough  ambient  electrons  to  compensate  beam  emis¬ 
sions  without  being  charge'1  -o  '-n:  ;al  01  the  spacecraft  Is  that  of 

natural  charging.  In  this  case.  Beyond  this  critical  current,  the  beam  emis¬ 
sion  Is  able  to  swing  the  spacecraft  to  an  opposite  potential  and  hence  control 
the  charging  of  the  spacecraft.  This  phenomenon  shows  up  In  the  calculations 
(fig.  6). 

In  the  model  studied,  as  the  radius  of  a  spacecraft  Increases,  three 
regimes  of  physical  behavior  can  be  Identified.  Figure  8  shows  these  regimes 
clearly.  The  potentlal-versus-spacecraft-radlus  curve  Is  relatively  flat  In 
the  small-radius  regime.  This  Is  the  regime  In  which  saturated  Ionization 
occurs  (l.e.,  this  Is  the  regime  beyond  the  minimum  potential  In  a  current- 
voltage  curve).  The  second  regime  Is  characterized  by  the  presence  of  the 
potential  maximum,  which  Is  the  main  feature  of  nonmonotonic  behavior.  The 
third  regime  occurs  when  the  spacecraft  Is  so  large  that  Its  radius  exceeds 
the  sheath  radius  (measured  from  the  spacecraft  center)  for  a  given  current. 

The  beam  loses  Its  control  of  the  spacecraft  potential  and  natural  charging 
dominates. 
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Figure  1.  -  Sheath  formation  during  beam  emission. 
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Figure  3.  -  Ionl2ation  pair  -  creation  in  sheath. 


Figure  4.  -  Decomposition  of  sheath  into  shells. 
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Figure  5.  -  Relation  between  potential  profile  and  I-V  behavior. 
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Figure  6.  •>  Persistence  of  nonmonotonic  I-V  behavior.  Parametric  conditions 
are  as  In  fig.  7. 


Figure  7.  -  Envelope  of  potential  extrema  In  fig.  6. 


Figure  8.  -  Nonmonotonic  behavior  of  spacecraft  potential  as  a  function  of 
spacecraft  radius,  for  a  given  electron  beam  current. 
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INTERACTIONS  BETWEEN  LARGE  SPACE  POWER  SYSTEMS  AND  LOW-EARTH-ORBIT  PLASMAS 
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There  1$  a  growing  tendency  to  plan  space  missions  that  will  Incorporate 
very  large  space  power  systems.  These  space  power  systems  must  function  In  the 
space  plasma  environment,  which  can  Impose  operational  limitations.  As  the 
power  output  Increases,  the  operating  voltage  also  must  Increase  and  this  volt¬ 
age,  exposed  at  solar  array  Interconnects,  Interacts  with  the  local  plasma. 

The  Implications  of  such  Interactions  are  considered  herein.  The  available 
laboratory  data  for  biased-array  segment  tests  are  reviewed  to  demonstrate  the 
basic  Interactions  considered.  A  data  set  for  a  floating  high-voltage  array 
test  was  used  to  generate  approximate  relationships  for  positive  and  negative 
current  collection  from  plasmas.  These  relationships  were  applied  to  a  hypo¬ 
thetical  100-kw  power  system  operating  In  a  400-km,  near-equatorial  orbit.  It 
was  found  that  discharges  from  the  negative  regions  of  the  array  are  the  most 
probable  limiting  factor  In  array  operation. 


INTRODUCTION 

For  the  past  several  years  NASA  has  been  conducting  mission-planning 
studies  calling  for  extremely  large  satellites  to  be  placed  In  low  Earth  orbit; 
by  the  space  shuttle J*4  Because  the  planners  were  freed  from  the  constraints 
Imposed  by  expendable  launch  vehicle  shrouds,  satellite  dimensions  grew  to  tens 
of  meters  and  power  generation  requirements  rose  to  hundreds  of  kilowatts. 

Now  that  the  Space  Transportation  System  (l.e.,  shuttle)  Is  operational, 
there  Is  an  effort  under  way  to  place  such  a  large  structure  In  orbit  In  the 
near  future.  The  projected  system  could  be  a  manned  space  platform  capable  of 
conducting  Earth-oriented  studies,  space  science  Investigations,  or  space  manu¬ 
facturing  experiments.  Although  the  mission  is  not  finalized,  It  could  involve 
an  expandable  platform  -  Initially  a  simplified  station  that  can  be  expanded  In 
the  future.  The  platform  would  probably  be  placed  In  an  orbit  similar  to 
Skylab's  (400  to  500  km)  so  that  It  could  be  serviced  by  the  shuttle  and  yet  be 
high  enough  to  minimize  reboost  cost  and  have  an  adequate  mission  life.  Array 
power  requirements  art  postulated  as  being  between  50  and  100  kW. 

The  generation  of  large  power  levels  requires  very  large  solar  arrays 
since  the  nominal  power  density  Is  of  the  order  of  100  W/m2.  Hence  a  50-kW 
array  would  require  an  area  of  500  m2.  This  area  Implies  long  cabling  to  bring 
power  to  the  user.  If  the  system  were  operated  at  a  nominal  voltage  of  30  to 
60  V,  currents  of  the  order  of  1000  A  would  be  required.  Currents  of  this 
magnitude  can  produce  either  significant  cable  harness  losses  (I2R)  or  unac¬ 
ceptable  Increases  In  weight  If  the  cable  loss  Is  reduced  by  using  thicker 
cross-sectional  areas. 5  In  addition,  large  currents  flowing  In  the  array  can 
generate  magnetic  fields  that  can  Interact  with  the  Earth's.  This  Increases 


both  the  drag  on  the  system  and  reboost  cost.  The  alternative  Is  to  Increase 
the  operating  voltages  and  thereby  reduce  currents.  However,  to  date,  the 
largest  operating  voltage  used  In  space  was  the  100  V  used  for  relatively  short 
periods  In  Skylab.6  For  this  new  space  platform,  operating  voltages  of  200  to 
1000  V  are  being  considered.  The  operation  of  power  systems  at  high  voltages 
can  give  rise  to  Interactions  with  the  space  plasma  environment  that  must  be 
considered  In  designing  these  systems. 

The  Interactions  of  concern  are  Illustrated  In  the  high-voltage  space 
power  system  shown  In  Figure  1.  This  system  consists  of  two  large  solar  array 
wings  surrounding  a  central  body  or  spacecraft.  The  solar  arrays  are  assumed 
to  be  assembled  by  standard  construction  techniques.  This  means  that  the  cover 
slides  do  not  completely  shield  the  metallic  Interconnects  from  the  environ¬ 
ment.  These  cell  Interconnects  are  at  various  volt  ges  depending  on  their 
location  In  the  array  circuits.  Hence  the  Interconnects  can  act  as  plasma 
probes  and  attract  or  repell  charged  particles.  At  some  location  on  the  array 
the  generated  voltages  will  be  equal  to  the  space  plasma  potential.  Since  the 
electrons  are  more  mobile  than  the  Ions,  the  array  will  float  at  voltages  that 
are  mostly  negative  with  respect  to  space  plasma  potential.  Cell  Interconnects 
at  voltages  above  this  space  plasma  potential  will  collect  electrons;  those  at 
voltages  below  this  space  plasma  potential  will  collect  ions.  The  voltage 
distribution  In  the  Interconnects  relative  to  the  space  plasma  potential  must 
be  such  that  these  electron  and  Ion  currents  are  equal  (l.e.,  the  net  current 
collected  Is  zero).^ 

This  flow  of  particles  can  be  considered  to  be  a  current  loop  through 
space  that  Is  In  parallel  with  the  operational  system  and  hence  Is  a  power 
loss.  In  addition,  the  cover  glass  used  on  the  solar  cells  must  also  have  a 
zero  net  current  collection.  This  Interaction  with  the  space  plasma  forces 
the  cover  glass  to  a  small  negative  potential  and  can  produce  large  voltage 
gradients  In  the  gap  region  between  solar  cells.  This  can  give  rise  to  arcing 
conditions  or  transient  breakdowns  to  space. 

The  severity  of  these  plasma  Interactions  depends  on  the  array  operating 
voltages  and  the  charged-particle  environments.  The  operating  voltage  will  be 
determined  from  power  system  studies  but  will  probably  be  less  than  1000  V. 

The  charged-particle  environment  Is  determined  by  the  orbital  altitude 
(Fig.  2).  At  the  projected  operating  voltages  only  the  low-energy  or  thermal 
plasma  environment  should  be  of  concern  since  the  array  voltage  Is  too  low  to 
Influence  the  higher  energy  environmental  particles.  This  plasma  environment 
has  particles  with  temperatures  of  about  1  eV  and  densities  that  vary  from  a 
maximum  of  about  3x106  cm-3  at  300  km  to  between  1  and  10  cm-3  at  geosynchro¬ 
nous  altitudes.  Hence  plasma  Interactions  should  be  more  severe  at  the  lower 
altitudes  than  at  synchronous  altitude. 

These  possible  Interactions  between  space  power  systems  and  plasma  envi¬ 
ronments  have  been  discussed  elsewhere  In  general  terms.  In  this  paper  the 
basic  phenomena  are  reviewed  and  application  to  a  space  power  system  Is 
discussed. 
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REVIEW  OF  BIASED-ARRAY  TESTS 


Tests  of  small  segments  of  solar  arrays  biased  by  laboratory  power  sup¬ 
plies  while  exposed  to  simulated  plasmas  In  vacuum  facilities  have  been  con¬ 
ducted  over  the  past  10  years. b-1*  A  test  of  a  similar  nature  has  been 
conducted  In  space.1'  Regardless  of  the  size  of  the  array  segment  (from 
100-cm2  to  13  600-cm2  areas  have  been  tested)  the  results  are  quite  similar. 

In  this  section  the  test  procedure  and  the  pertinent  results  are  summarized. 

Such  plasma  Interaction  tests  are  typically  conducted  In  an  experimental 
arrangement  shown  schematically  In  Figure  3(a).  The  vacuum  chamber  Is  capable 
of  pumping  to  background  pressures  of  10‘*  torr  or  less.  The  plasma  environ¬ 
ment  Is  created  by  Ionizing  a  gas  (e.g.,  nitrogen,  argon,  or  helium).  The 
plasma  parameters  (plasma  number  density  and  particle  temperature)  are  usually 
determined  with  either  cylindrical  or  spherical  Langmuir  probes.  The  solar 
array  segment  (Fig.  3(b))  Is  mounted  In  the  chamber  and  Is  electrically  Iso¬ 
lated  from  the  tank  ground.  A  high-voltage  power  supply  Is  connected  to  one 
or  both  ends  of  the  array  through  an  Isolated  feedthrough  In  the  tank  wall.  A 
current-sensing  Instrument  Is  placed  between  the  power  supply  and  the  test 
sample  to  measure  any  coupling  current  between  the  segment  and  the  tank  ground 
through  the  plasma  environment.  This  lead  Is  shielded  to  minimize  extraneous 
currents.  A  surface  voltage  probe  (such  as  that  manufactured  by  TREK)  Is  used 
to  sense  the  voltage  on  the  array  during  the  test.  Hence  a  surface  voltage 
profile  and  a  leakage  current  measurement  are  obtained  as  functions  of  applied 
positive  or  negative  voltage  for  a  given  plasma  environment.  It  should  be 
pointed  out  that  the  tank  ground  Is  not  the  plasma  potential.  This  plasma 
potential  Is  determined  from  the  probe  readings  and  must  be  added  to,  or  sub¬ 
tracted  from,  the  applied  bias  voltage  In  order  to  Interpret  the  test  data. 

It  Is  very  Important  to  make  this  correction  at  low  bias  voltages  since  the 
plasma  potential  can  be  In  the  range  t20  V. 

Typical  results  for  a  100-cm2  solar  array  segment  biased  positively  and 
negatively  are  shown  In  Figures  4(a)  and  (b).14  In  the  positive  bias  volt¬ 
age  case  (Fig.  4(a))  the  current  collection  starts  at  relatively  low  current 
values  and  Increases  slowly  until  a  bias  of  about  100  V  Is  reached.  At  this 
point  there  Is  a  marked  Increase  In  current  collection  (by  orders  of  magni¬ 
tude).  Above  about  250  v  the  current  tends  to  Increase  linearly  with  volt¬ 
age.  The  surface  voltage  probe  traces  give  an  Indication  as  to  why  this 
behavior  occurs:  At  the  low  applied  biases  the  voltage  Is  confined  to  the  gap 
region  between  the  cells.  The  cover  glass  maintains  Its  required  zero  current 
balance  with  the  plasma  by  a  slightly  negative  surface  voltage.  The  super¬ 
position  of  the  fields  resulting  from  these  voltages  shields  the  bias  voltage 
from  the  plasma.  At  biases  greater  than  100  V,  the  shielding  appears  to  break 
down.  The  bias  field  now  Is  stronger  and  starts  to  encompass  the  cover 
glass.  This  accelerates  electrons  from  the  plasma  Into  the  cover  glass  and 
creates  secondary -emitted  electrons.  The  surface  voltage  must  now  change  to 
maintain  a  zero  current  balance  at  the  glass  surface.  This  surface  voltage 
assumes  a  value  that  Is  about  50  V  less  than  the  bias  voltage.  Hence  at  this 
transition,  called  "snapover,"18  the  collecting  area  Is  Increased  to  the 
full  segment  area,  and  this  Increase  changes  the  coupling  currents.  The  data 
can  be  modeled  empirically  as  cylindrical  probe  collection  at  positive  bias 
voltages  up  to  100  V  and  as  spherical  probe  collection  (with  the  bias  reduced 
by  100  V)  at  positive  voltages  greater  than  100  V.1* 
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For  negative  bias  voltages  (Fig.  4(b))  the  data  Indicate  that  the  coup¬ 
ling  current  Increases  slowly  and  then  transits  Into  an  arc  or  breakdown, 
which  Is  signified  by  a  rapid  rise  In  current  that  trips  off  the  laboratory 
power  supply.  Since  the  supply  Is  also  used  to  bias  metallic  probes  without 
breakdowns,  It  must  be  assumed  that  the  arcing  results  from  the  Interaction 
between  the  negatively  biased  conductor  (cell  Interconnects),  the  dielectrics 
(cover  slides),  and  the  plasma  environment.  The  surface  voltage  probe  traces 
Indicate  that  the  gap  region  between  cells  Is  the  probable  cause  for  the 
breakdown.  As  the  bias  voltage  Is  made  more  and  more  negative,  the  fields 
resulting  from  the  cover  glass  voltage  confine  the  bias  field  to  this  limited 
area.  It  Is  known  that  a  negative  conductor  confined  by  a  less  negative 
dielectric  Is  prone  to  breakdown  and  this  appears  to  be  happening  here. 

Both  the  positive  and  negative  bias  voltage  effects  described  above  are 
plasma-density-dependent  phenomena.  For  the  positive  bias  voltage  cases  both 
the  low-  and  high-voltage  collection  changes  In  direct  proportion  to  the  den¬ 
sity.  11 »'♦  However,  the  transition  remains  at  about  100  V.  The  only  condi¬ 
tion  that  seems  to  Influence  the  transition  appears  to  be  the  relative  areas  of 
the  segment  and  Its  dielectric  and  conductive  boundaries.  The  data  obtained  In 
support  of  the  PIX  flight  seemed  to  Indicate  a  higher  transition  voltage1' 
probably  because  of  the  use  of  a  small  segment  mounted  on  a  large  plate.  The 
negative  bias  breakdown  thresholds  as  a  function  of  plasma  density  are  shown 
In  Figure  S.  At  the  peak  space  plasma  density  environment  (about  300-km 
altitude),  this  breakdown  value  Is  uncomfortably  low  (about  300  V  negative 
relative  to  the  space  plasma  potential). 

The  phenomena  described  above  seom  to  occur  Independently  of  the  Inter¬ 
connect  configuration  and  array  site.  Both  the  standard  Interconnect  configu¬ 
ration  and  wraparound  configurations  have  been  tested.  Array  sizes  of  100  to 
13  600  cm2  gave  similar  results.  The  higher  positive  bias  voltage  results 
for  the  larger  panels  can  be  questioned,  however,  since  the  tank  walls  can 
Interact  with  bias  voltage  sheaths  and  distort  the  results. 


REVIEW  OF  FLOATINB-ARRAY  TESTS 

Although  the  phenomena  of  plasma  Interactions  with  high-voltage  solar 
arrays  can  be  studied  on  small  segments  wltn  bias  voltages  provided  by  exter¬ 
nal  power  supplies,  tests  must  be  run  with  self -generated  voltages  In  order  to 
validate  the  concepts  developed.  Unfortunately  there  have  been  relatively  few 
such  tests  primarily  because  of  the  large  array  required  to  generate  the  high 
voltages  needed  and  the  subsequent  large  facility  (with  large  solar  simula¬ 
tors)  required  to  obtain  Interaction  data  without  wall  effects.  Even  the 
small  amount  of  data  available  Is  Incomplete. 

A  nine-panel  array  Is  shown  In  Figure  6.  This  array  was  made  up  of  sur¬ 
plus  flight  solar  array  panels  with  no  attempt  to  match  panel  characteris¬ 
tics.  Seven  panels  (1400  cm2  each)  were  originally  assembled  In  the  late 
1960's  for  the  Space  E!ectr1c  Rocket  Test  (SERT-2)  project,  and  two  panels 
(1950  cm2  each)  were  assembled  In  the  early  1970's  for  the  Space  Plasma 
High-Voltage  Interaction  Experiment  (SPHINX)  project.  This  nine-panel  array 
was  used  In  a  series  of  tests  conducted  at  both  the  Johnson  Space  Center  and 
the  Lewis  Research  Center  to  evaluate  the  Influence  of  facilities  on  plasma 
Interactions.19  Johnson  also  did  a  series  of  floating  tests  using  the  solar 
simulator. 
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For  this  paper  tho  rosulti  obtained  with  tha  nine-solar-panel  array  In 
tha  Johnson  Spaca  Cantor  facility'*  ara  usad  to  provlda  a  basis  for  predic¬ 
ting  performance  of  large  space  power  systems  In  a  spaca  anvlronment.  Since 
the  panels  were  not  matched  and  tha  solar  simulator  did  not  uniformly  Illumi¬ 
nate  all  nine  panels,  the  results  must  be  viewed  as  an  approximation  to  tha 
desired  test  data.  Furthermore  not  all  of  tha  plasma  properties  ware 
reported,  so  the  particle  energies  and  the  plasma  potential  In  the  chamber  had 
to  be  approximated. 

The  test  was  run  with  the  array  In  an  open-circuit  condition  but  with  the 
capability  of  measuring  each  panel  voltage  and  the  current  between  panels. 

The  plasma  density  was  2x10*  cm-3.  The  distribution  of  open-circuit  voltages 
per  panel  after  correcting  for  the  assumed  value  of  the  plasma  potential  (10  V) 
Is  shown  In  Figure  7.  The  slope  of  the  voltage  Is  not  the  same  for  each  panel 
because  of  the  nonuniformity  of  the  panels.  In  this  configuration  the  array 
open-circuit  voltage  was  about  248  V  or  slightly  less  than  the  280  V  obtained 
without  the  plasma.  This  Is  either  due  to  a  fluctuation  In  the  soltr  simulator 
or,  more  probably,  a  slight  loading  of  the  array  by  leakage  through  the  plasma. 
As  shown  In  Figure  7  the  array  floats  slightly  positive  and  predominantly  nega¬ 
tive.  This  distribution  was  expected  because  the  electrons  are  more  mobile 
than  the  ions.  It  Is  Interesting  to  note  that  the  average  value  of  the  posi¬ 
tive  voltage  panel  Is  about  10  percent  of  the  overall  voltage.  This  Is  the 
assumption  usually  made  In  computing  power  system  Interactions  with  plasma 
environments. 

The  following  empirical  approximations  for  current  collection1*  were 
used  to  compute  the  coupling  currents: 

■  wvR 

!*  *  JloAlnt  ^ 

where 

3eo*  Jlo  thermal  electron  and  Ion  current  densities,  A/cm2 
Aint  Interconnect  area,  cm2 

v+,  V.  positive  and  negative  average  panel  voltage  (relative  to  plasma 
potential),  V 

Et,  E^  electron  and  Ion  energies  (normalized  to  electronic  charge),  eV 

The  relationships  were  Iterated  until  the  electron  coupling  current  was  approx¬ 
imately  equal  to  the  Ion  current.  The  results  are  shown  In  Figure  8  along  with 
the  measured  values.  The  agreement  Is  reasonable. 

The  agreement  obtained  here  may  be  fortuitous  In  view  of  the  many  approx¬ 
imations  made.  If  the  behavior  of  high-voltage  solar  array  systems  Is  to  be 
understood,  It  1$  mandatory  that  a  well-conceived,  complete  set  of  experiments 
be  conducted.  These  experiments  must  Include  bias  voltage  tests  gad,  self¬ 
generated  voltage  tests  with  the  capability  of  achieving  positive  voltages 
above  the  snapover  condition.  This  would  answer  questions  on  the  negative 
voltage  breakdown  phenomena  as  well. 
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APPLICATION  TO  SPACE  POWER  SYSTEMS 


To  illustrate  the  effect  of  plasma  Interactions  on  a  large,  high-voltage 
space  power  system,  consider  a  100-kW  generator,  made  up  of  10  modules  of  10  kW 

each,  operating  In  a  400-km,  near-equatorial  Earth  orbit  (Fig.  9).  It  Is 

assumed  that  the  modules  are  connected  electrically  In  parallel  to  avoid  a 
single-point  failure  that  could  occur  with  a  series  connection.  Each  of  the 
modules  Is  assumed  to  operate  at  a  load  voltage  and  a  load  current  I^. 

The  100-kW  power  output  of  the  system  would  then  be  available  to  the  loads  at 
a  voltage  VL  and  current  10  I^. 

Furthermore  each  of  the  modules  Is  asumed  to  be  built  up  from  ten  1-kW 
solar  array  blocks  connected  In  series.  Each  block  would  then  generate  a  cur¬ 

rent  II  at  an  average  voltage  of  0.1  Vi .  Approximately  one  block  would 
be  at  a  positive  potential  relative  to  tne  space  plasma  potential;  the  other 
nine  would  be  negative  (Fig.  9). 

The  plasma  environmental  parameters  for  the  400-km  orbit  are  given  In 
Table  I.18  The  Implications  that  could  arise  from  the  environmental  measure¬ 
ments  made  on  the  third  shuttle  flight  are  discussed  later  In  this  section. 

The  plasma  coupling  or  drainage  current  can  be  computed  for  the  10-kW 
module  operating  at  an  average  Vj.  of  500  V  and  producing  an  !(__  of  20  A. 

Each  block  would  generate  1  kW  of  power  at  an  average  voltage  of  50  V.  The 
relationships  derived  In  the  previous  section  are  used  to  compute  the  positive 
and  negative  coupling  currents  for  this  module,  which  Is  assumed  to  be  typical 
for  the  system.  The  results  are  summarized  in  Table  II.  These  results  Indi¬ 
cate  that  the  currents  do  not  balance  and  that  another  Iteration  should  be 
made.  But  the  average  loss,  of  the  order  of  15  mA,  represents  a  possible  power 
loss  of  about  0.1  percent.  This  Is  such  a  negligible  loss  that  refining  the 
computations  Is  considered  to  be  unwarranted.  This  Is  true  only  when  the 
positive  voltage  stays  below  snapover  conditions  (l.e.,  <100  V). 

What  is  a  concern  Is  whether  the  blocks  that  are  at  negative  voltages 
relative  to  the  space  plasma  potential  approach  the  breakdown  threshold.  This 
can  have  more  serious  consequences  than  the  coupling  current  losses  -  a  block 
discharging  to  space  can  disrupt  the  whole  power  system  output. 

From  discharge  photographs  obtained  In  ground  tests  on  small  biased  solar 
array  segments,16*'8  it  appears  that  the  whole  segment  area  Is  not  involved 
In  a  given  discharge.  Hence  only  a  finite  area  of  a  large  solar  array  may  be 
Involved  In  any  single  discharge.  The  location  of  this  finite  area  within  the 
power  system  l-kw  block  then  becomes  critical  to  evaluating  the  effect  of  dis¬ 
charges  on  system  performance.  If  discharges  occur  at  parallel  paths  within 
the  block,  thus  allowing  the  module  to  continue  to  be  a  power  generator,  one 
would  expect  a  ripple  Impressed  on  the  dc  voltage  (Fig.  10).  Since  the  break¬ 
down  threshold  Is  not  an  absolute  value  and  since  there  are  10  modules  in  this 
power  system,  there  should  be  considerable  randomness  In  the  breakdowns  and 
the  resulting  overall  ripple. 

The  worst  case  would  be  when  the  discharge  occurs  In  the  series  portion 
of  the  block  and  thus  Interrupts  the  block  power  output.  If  the  output  of  a 
whole  block  Is  Involved,  the  module  output  will  also  have  a  transient  behavior 
since  all  blocks  are  In  series.  If  a  module  power  output  is  Involved,  then 
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the  whole  array  output  could  temporarily  collapse  (Fig.  10).  '’"’'dom  oscilla¬ 
tions  In  th#  power  output  could  be  caused  by  the  breakdowns  It  h  mod  snd 
by  the,  as  yet  unknown,  lifetime  Influence  on  breakdown  threshu, 

Environmental  measurements  on  the  third  shuttle  flight20’ 21  compound  the 
difficulties  Imposed  by  possible  plasma  Interactions.  It  has  been  found  that 
because  of  photoemlsslon  from  the  surface  the  plasma  environment  around  the 
shuttle  In  sunlight  1$  approximately  10  times  denser  than  previous  measurements 
would  Indicate.  Furthermore  this  dense  environment  seemed  to  stay  with  the 
shuttle  for  the  8  days  of  the  mission.  If  this  phenomenon  holds  true  for  all 
altitudes  and  for  extended  periods  of  time,  the  plasma  surrounding  a  large 
power  system  could  also  be  denser  than  previously  considered.  A  factor  of  10 
Increase  In  plasma  density  would  Increase  the  coupling  current  losses  to  about 
1  percent,  which  may  still  be  unimportant.  However,  the  discharge  threshold 
would  be  reduced  significantly  by  such  an  Increase  and  more  blocks  would  be 
Involved  In  discharge  transients.  This  Is  a  much  more  serious  Interaction 
problem. 

These  considerations  apply  to  cases  where  the  environment  Is  assumed  to  be 
Isotropic.  Such  conditions  do  not  always  exist  In  low  Earth  orbits  and  there 
can  be  significant  changes  during  the  orbit  (Fig.  11).  At  certain  times  the 
active  area  of  the  array  faces  the  orbital  velocity  direction  Cram").  Under 
such  conditions  the  Ion  currents  are  Increased  (ram  velocity  Is  greater  than 
Ion  thermal  velocities),  and  this  causes  the  array  to  float  more  positively 
relative  to  the  space  plasma  potential.  The  result  Is  higher  coupling  currents 
and  lower  discharge  tendency.  When  the  active  area  faces  away  from  the  orbital 
velocity  direction  ("wake"),  the  resulting  deficiency  of  ions  causes  the  system 
to  float  more  negatively  and  thus  the  discharge  probability  to  be  greater. 
Finally  the  system  will  enter  eclipse  each  orbit.  This  eclipse  period  Is  long 
enough  to  allow  the  array  to  cool  significantly.  Upon  reentry  to  sunlight  the 
cold  solar  array  system  could  generate  up  to  twice  Its  normal  voltage  until  the 
temperature  returns  to  normal.  Unfortunately  the  system  would  be  entering  the 
ram  condition  upon  leaving  eclipse,  and  so  for  a  short  time  both  power  losses 
and  discharges  could  be  a  concern. 

The  conditions  described  apply  to  a  large  space  power  system  operating  In 
a  400-km,  near-equatorial  Earth  orbit.  If  the  system  were  placed  at  a  lower 
altitude  (—300  km),  the  higher  plasma  density  would  Increase  the  coupling 
losses  and  the  discharge  probability.  At  a  higher  altitude  high-energy  parti¬ 
cle  damage  to  solar  arrays  must  be  considered.  Operating  In  a  polar  orbital 
environment  brings  In  a  variable  plasma  environment  along  with  possible  auro¬ 
ral  flux  Interactions.  Yet  a  plasma  environment  Is  not  prohibitive  to  opera¬ 
tions  of  space  power  systems  provided  that  the  possible  Interactions  are 
considered  and  accounted  for  In  system  designs.  The  alternative  of  lower  volt¬ 
age  operations  Is  not  necessarily  safe  nor  conducive  to  power  system  growth. 


CONCLUDING  REMARKS 

Plans  for  future  NASA  missions  call  for  large  space  platforms  operating  In 
low  Earth  orbits.  These  platforms  require  large  space  power  systems  capable  of 
generating  a  few  hundred  kilowatts  of  power.  At  these  levels  the  operating 
voltage  must  be  greater  than  voltages  commonly  used  In  present  power  systems. 
However,  the  higher  voltage  can  result  In  Interactions  with  the  space  plasma 
environment  that  can  Influence  the  operating  characteristics  of  the  power 
system. 
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Tests  In  ground  simulation  facilities  In  which  small  solar  array  segments 
were  biased  to  positive  and  negative  voltages  In  a  plasma  environment  have 
shown  that  Interactions  can  be  detrimental.  Mhen  positive  voltages  are 
applied,  electron  currents  can  be  collected  that  become  proportional  to  the 
panel  area  at  voltages  greater  than  100  V.  Under  negative  bias  voltages  arcing 
or  breakdown  can  occur.  This  arcing  threshold  depends  on  the  plasma  density 
and  can  be  as  low  as  -300  V  In  simulated  300-km-orblt  plasma  environments. 

Relatively  few  tests  have  been  conducted  In  which  an  array  capable  of 
generating  high  voltages  under  solar  simulation  conditions  was  operated  In  a 
plasma  environment.  One  such  test  of  a  nine-block,  13  600-cm2  array  has  shown 
that  the  array  would  float  electrically  such  that  one  block  would  have  an  aver¬ 
age  positive  voltage  that  would  be  10  percent  of  the  overall  voltage,  with  the 
other  eight  blocks  progressively  more  negative.  This  test  Indicated  that  array 
behavior  could  be  approximated  by  considering  the  Interaction  with  separate 
blocks  at  an  average  voltage. 

This  approach  was  applied  to  a  10-kW  array  that  was  considered  to  be  part 
of  a  100-kW  space  power  system  operating  at  S00  V.  Ten  10-kW  arrays,  each  In 
parallel,  made  up  this  system.  It  was  found  that,  under  normal  quiescent  con¬ 
ditions,  the  power  drain  due  to  the  electron  coupling  current  would  be  negli¬ 
gible.  However,  the  arcing  In  the  negative-voltage  regions  could  seriously 
disrupt  system  operations  either  by  Introducing  a  ripple  on  the  output  or  by 
terminating  operations  depending  on  the  severity  and  location  of  the  break¬ 
downs.  The  orbital  oscillations  ranging  through  ram,  wake,  and  eclipse  condi¬ 
tions  generally  tend  to  make  the  situation  worse.  Finally  the  evidence  from 
the  shuttle  experiments  that  Indicate  that  large  space  structures  could  create 
their  own  plasma  environment  tends  to  make  plasma  Interactions  even  more 
critical. 

For  the  past  12  years  the  advantages  and  disadvantages  of  large  space 
power  system  operations  at  high  bus  voltages  have  been  argued  and  discussed. 
There  are  obvious  advantages  to  using  high  voltages  In  space.  Possible  haz¬ 
ards  to  such  operations  with  standard  array  technology  have  been  addressed 
herein.  These  Interactions  are  not  Insurmountable  but  can  be  overcome  given 
adequate  understanding  of  the  phenomena.  What  Is  needed  Is  a  systematic 
investigation  to  determine  why  discharges  occur  and  how  to  prevent  them.  This 
would  require  test  programs  Involving  large  arrays  with  self-generated  volt¬ 
ages  and  finally  a  flight  experiment  to  prove  that  all  of  the  Interactions  can 
be  minimized. 
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TABLE  I.  -  ENVIRONMENT  AT  400-k*  ORBIT 


PIiim  characteristics: 

Electrons: 

n*.  «r3 . 

Eo.  *V  . 

.  .  .  2*10^ 
....  0.22 

Ion*  (Oj6)s 

n(,  «ra  . 

Ei.  OV  . 

.  .  .  2*1 0^ 
....  0. os 

Spacecraft  orbital  velocity,  km/sec  . 

PlatM  current  densities,  A/*3: 
Isotropic: 

Electron,  J*0  . 

Ion,  . . .  . 

Ram  (Ion):  . 

.  .  2.4*10-3 
.  .  9.4*10-* 

.  .  2.6*10-4 

TABLE  II.  -  SUMMARY  Of  PLASMA  COUPLING  CURRENTS 


[Assumed  operating  condition!  for  modulo;  V0D  • 
500  V  ond  I0D  -  20  A;  for  block;  V00  ■  50  V 
md  Iqp  «  2o  A«  ] 


Block 

Average  potential 

Plasma  coupling 

(relative  to  space). 

current. 

V 

mA 

1 

2 

50 

0 

^  -10.4  mA 

3 

-50 

.6  \ 

-100 

1.1 

5 

-150 

1.7  I 

6 

7 

-200 

•250 

I  20.4  mA 

S 

-300 

3.4  \ 

9 

-350 

4.0 

10 

-400 

4.5  / 
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CALCULATION  OF  SECONDARY-ELECTRON  ESCAPE  CURRENTS  FROM  INCLINED  SPACECRAFT 

SURFACES  IN  A  MAGNETIC  FIELD* 

J.  6.  Lafrimbolst 
York  University 
Toronto,  Canada  N3J  IPS 


In  low  Barth  orbit,  ths  geomagnetic  field  i  is  strong  enough  that  secondary 
electrons  emitted  from  spacecraft  surfaces  have  an  average  gyroradius  much  smaller 
than  typloal  dimensions  of  large  spacecraft.  This  implies  that  escape  of  secondaries 
will  be  strongly  inhibited  on  surfaces  which  are  nearly  parallel  to  B»  even  if  a 
repelling  electric  field  exists  outside  them.  This  sffeot  is  likely  to  make  an 
important  contribution  to  the  current  balance  and  hence  the  equilibrium  potential  of 
such  surfaces,  making  high-voltage  charging  of  them  more  likely.  We  present 
numerically-calculated  escaping  secondary  electron  fluxes  for  these  conditions.  For 
use  in  numerical  spacecraft-charging  simulations,  we  also  present  an  analytic 
curve-fit  to  these  results,  accurate  to  within  3%  of  the  emitted  current. 

1.  INTRODUCTION 

The  prediction  of  high-voltage  charging  or  other  environmental  effects  on  e 
apeoeoreft  in  low  Berth  orbit  appears  liksly  to  be  more  complicated  than  in  geosta- 
tionary  orbit,  for  at  laaat  three  reasons. 

These  reasons  arai  (a)  space  charge  effects  (on  sheath  and  wake  potentials)  are 
more  important,  because  space-charge  densities  are  much  higher  (the  Debye  length  is 
no  longer  >>  typical  spacecraft,  dimensions)  (b)  ion  flow  effects  ars  mora  important, 
because  spacecraft  orbital  speed  ?  ion  thermal  speeds  (c)  the  geomagnetic  field  B  is 
liksly  to  have  an  important  influenc#  on  cliarged-particl*  motions  becauss  B  is  now 
much  larger,  and  not  all  of  the  average  particle  gyroradii  of  importance  are  any 
longer  »  typical  spacecraft  dimensions. 

We  wish  to  investigate  an  important  consequence  of  (c) ,  whioh  concerns  the 
escape  of  secondary  electrons  amittad  from  spacecraft  surfaces.  Our  discussion  will 
also  apply,  with  minor  modification*,  to  photoelectron  or  backscattersd-electron 
escape.  In  low  Earth  orbit,  in  the  auroral-xone  geomagnetic  field  (|b|  ■  0.44  gauss" 
4,4x  10“"t) ,  the  gyroradius  of  a  "typical"  3*V  secondary  electron  end  a  10  k*V  auroral 
electron  are  13  cm  and  8  m,  respectively.  The  average  gyroradius  of  "cold"  iono¬ 
spheric  electrons  (tempsraturs  T-0.1  sV)in  ths  same  B  is  evsn  smuller  (2  cm),  but 
this  it  not  tn  important  parameter  in  most  casts  becauss  thtsa  elsctrons  are  repelled 
if  the  spacecraft  potential  is  nsgativs,  and  their  density  is  then  well-approximated 
by  a  Boltzmann  factor,  which  is  unaltered  by  8  effects. 

The  reason  why  B  affecto  secondary-electron  escape  is  shown  in  Fig.  1.  In  Fig. 
1(a),  tha  spacecraft  aurfaca  is  perpendicular  to  ft,  and  the  emitted  electrons,  which 
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experience  on  electric  force  -eE  directed  away  from  the  surface,  all  escape,  helping 
to  discharge  it.  In  Fig.  1(b),  the  spacecraft  surface  is  nearly  parallel  to  6,  and 
almost  all  of  the  emitted  electrons  return  to  it,  even  though  they  still  experience 
an  electric  force  directed  away  fr-rni  it.  These  electrons  therefore  are  unable  to 
help  discharge  it,  so  a  surface  nearly  parallel  to  fc^is  more  likely  to  charge  to  a 
large  negative  voltage.  Note  that  the  component  of  E  which  is  perpendicular  to  $ 
results  only  in  an  txt  drift  parallel  to  the  surface. 

For  any  object  much  larger  than  13  cm,  the  escape  >£  ^condary  electrons  will  be 
strongly  affected  by  this  process.  For  example,  mrfacos  on  the  Shuttle  are 

effectively  "infinite  planes"  by  this  criterion.  Or  cue  other  hand,  the  average 
gyroradius  of  high-energy  auroral  electrons  is  comparable  to  Shuttle  dimensions,  so 
the  deposition  of  these  electrons  onto  Shuttle  surfaces  is  likely  to  be  only  moder¬ 
ately  inhibited. 

For  a  larger  object  (sise  »  8  m) ,  deposition  of  auroral  electrons  will  also 
become  strongly  orientation-dependent,  with  both  collection  and  escape  of  electrons 
now  being  inhibited  on  surfaces  nearly  parallel  to  a.  This  suggests  that 
high-voltage  charging  of  such  surfaces  may  be  more  likely  on  objeats  of  intermediate 
sise  than  on  either  largor  or  smaller  ones.  In  the  calculation  of  Parks  and  Kats1, 
Katz  and  Parks2,  the  tendency  toward  high-voltage  charging  increased  with  spacecraft 
sise  because  in  their  model,  ion  collection  increased  less  rapidly  with  spacecraft 
sise  than  did  electron  collection.  To  determine  which  of  these  two  effects  predomin¬ 
ates  will  require  more  detailed  calculations  than  have  been  done  so  far. 

As  already  mentioned,  strong  ion  flow  effects  also  are  generally  present  in  low 
orbit)  thu  ion  speed  ratios  (flow  speed/most  probable  ion  thermal  speed)  for  H+  at 
1  keV,  H+  at  0.1  ev,  and  0+  at  0.1  eV  are  0.02,  1.8,  and  7.3,  respectively.  Whenever 
the  latter  is  the  predominant  ion  species,  ion  collection  on  downstream  surfaces  will 
therefore  be^strongly  inhibited.  If  a  surface  is  simultaneously  downstream  and  nearly 
parallel  to  B,  as  is  likely  to  be  the  oase  in  the  auroral  semes,  then  the  tendency 
for  high-voltage  charging  to  occur  on  it  will  be  greatly  increased  (Pig.  2) . 

To  "straightforwardly"  include  B  effects  on  secondary  electron  emission  in  a 
large  two  or  three  dimensional  simulation  program  would  involve  the  numerical  integr¬ 
ation  of  very  large  numbers  of  secondary-electron  orbits.  The  resulting  ocaputing  costs 
usually  would  be  formidable ,  especially  since  these  orbits  would  have  relatively  large 
curvatures.  A  desirable  alternative  is  to  "parameterize"  the  situation  by  treating 
in  advance  a  simplified  but  still  sufficiently  realistic  modal  problem.  In  order  to 
do  this,  we  make  the  approximations  described  i>  the  next  Section. 

2.  THEORY  FOR  f  NORMAL  TO  SURFACE 

We  assume  t£at  the  spacecraft  surface  is  an  infinite  plana,  and  the  electric  and 
magnetic  fields  E  and  1  outside  it  are  uniform.  In  the  work  presented  here,  we  also 
assume  that  the  electric  force  -el  on  electrons  is  directed  along  the  outward  normal 
to  the  surface)  here  e  is  the  magnitude  of  the  elementary  charge.  This  assumption  is 
to  be  relaxed  in  a  later  paper  (J.G.  Laframboise,  to  be  published)  in  order  to  permit 
variations  of  potential  along  the  surface  to  be  taken  into  account.  We  assume  that 
the  secondary  electrons  are  emitted  with  a  Maxwellian  distribution  corresponding  to  a 
temperature  T.  The  ratio  i  ■  i/l0  of  escaping  to  emitted  flux  is  then  a  function  of 
two  parameters <  the  angle  8  between  the  surface  normal  and  the  direction  of  B  (Fig. 3), 
and  a  parameter  describing  the  strength  of  E.  A  convenient  choice  for  this  parameter 
is  the  difference  in  potential  across  a  mean  secondary-electron  gyroradius  a  »(l/eB) 
(wmkT/2)  \  divided  by  kT/e,  where  m  is  electron  mass  and  k  is  Boltzmann's  constant. 
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(2.1) 


This  quotient  l«i 

c  .  B  rj m 
=  I  V  2kT 

where  E  a  )1i|  and  8  £  |"6|  . 

This  quantity  also  h&u  an  alternative .more  useful  interpretation!  it  is  the 
ratio  of  the  magnitude  |kk$|/b2  of  the  Ixl  drift  speed*  to  one-half  the  mean 
thermal  speed  (SkT/nm)1*  of  the  emitted  electrons,  it  is  useful  to  estimate  the  value 
of  k  for  a  high-voltage  spacecraft  sheath  in  low-orbit  conditions.  To  do  this,  we 
use  the  sheath  solution  of  Al'pert  et  al  (Ref.  3,  Table  XXIV  and  Fig.  72).  For  a  1  kv 
and  a  S  kv  sheath  around  a  sphere  of  radiuo  3m  in  a  collisionless  plasma  having  an 
ambient  ion  temperaturs  of  0.1V,  number  density  of  3  *  10s  cm”3,  and  resultant  (ion) 
Debye  length  of  0.43  cm*  their  results  give*  respectively*  sheath  thicknesses  of  2.6 
and  6.1  m,  and  surface  electric  fields  a- 0.86  and  2.9  kv/m.  Using  u-4.4xio*5T  and 
T ••  3  eV  for  secondary  electrons,  we  then  obtain  c  ■  33.9  and  114.2.  Both  of  these 
are  relatively  large  values,  Whose  significance  can  be  understood  if  we  consider  what 
would  happen  if  c  were  infinite. 

In  this  limit*  it  is  easy  to  show  that  secondary  electrons  would  all  escape 
unless  B  were  exactly  parallel  to  the  surface  (6  were  90°) .  This  can  be  shown  as 
follows.  In  this  limit*  secondary  electrons  would  have  no  "thermal"  motion.  The 
(y*s)  projection  of  their  motion  would  then  be  similar  to  that  shown  in  Fig.  4.  This 
motion  would  be  the  sum  oft  (i)  an  Ex6  drift  in  the  y  direction  (ii)  a  uniform 
acceleration  along  £*  whose  projection  in  tha  (y,s)  plane  would  be  upward  (ill)  just 
enough  gyromotion  to  produce  a  cycloidal  path  when  combined  with  (i),  so  that  in  the 
absenoe  of  (ii) *  the  electron  would  (just)  return  to  the  surface  at  the  end  of  each 
gyroperiod.  In  the  presence  of  (ii) *  these  "return  points"  are  displaced  upward  by 
progressively  increasing  amounts  (Fig.  4) ,  so  the  eleotron  can  never  return  to  the 
surface,  unless  I  is  exactly  parallel  to  the  surface*  so  that  the  upward  component  of 
-el  along  I  vanishes. 

This  result  suggests  that  for  large  finite  values  of  c  (including  the  values 
calculated  above) ,  electron  eeoape  is  likely  to  be  almost  complete  except  for  e  very 
near  90°,  where  it  should  drop  to  taro  very  eteeply.  The  occurrence  of  high-voltage 
oharging  in  marginal  circumstances  may  tharefore  dapend  very  strongly  on  the  precise 
orientation  of  a  surface. 

The  escaping  secondary-electron  flux  is  given  byt 


I  «  /J/f  (v0)H(v0)v0z  d^o 


-•  •  •  f  m  Y  mv0M 

IdVoxldvoyfn  («?)  tXP(-  2RT-J  H 


(  v  *v  ,v  )v  dv 
ox  oy  os  os  os 


(2.2) 


wheret  v0  is  the  initial  velocity  of  an  emitted  electron*  f(v0)  a d3n/d3v0  is  ths 
velocity  distribution  of  emitted  electrons ,  n  is  a  rafsrcnce  number  density*  and 
H(v0)  is  equal  to  l  for  escaping  electrons  and  0  for  those  which  return  to  the 
surface.  The  emitted  flux  1st 

l0  -  n(kT/2irmj  ,  (2. 

We  also  introduce  the  dimanuionless  velocity! 


u  -  v(m/2kT)  . 
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Equation  <2. 2)  then  becomes t 

/«/•  2 
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du  du  e  ox  °y 
ox  oy 
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du  u  e  02  H(u  ,u  ,u  ) 
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r«m  ,  2  ^nax^cx, uoy'  u+1  f  2  , 

du  du  exp(-u  *-u  £)  V;  (-1)  exp  -u, ,  .  (u  u  ) 

J  I  ox  oy  r  ox  oy  ^  lim,k  ox,  oy  J 

»  ''on  K"! 
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(2.5) 


which  is  in  a  form  suitable  for  numerical  summation.  The  quantities  u,.  .iU,,  , 

....,u  .  are  the  values  of  uOJt  for  which  H  changes  between  0  and'i'  ^forSAch 

uox  ani1Uoy1!'axThese  values  must  be  found  by  numerically  determining  which  particle 
orbits  reimpact  the  surface.  These  orbits  can,  however,  be  determined  in  analytic 
form,  with  time  as  a  parameter.  To  do  this,  wo  use  the  coordinate  system  shown  in 
Fig.  3,  together  with  a  y-axis  (not  shown)  directed  into  the  plane  of  the  Figure. 

The  equation  of  motion  for  an  electron  is> 

V  -  -  -  (E  +  VXB).  (2.6) 

Itl 


We  solve  this  with  the  initial  conditions  £ 
We  introduce  the  dimensionless  variables! 


G 


X 


Ex  fvm 
B  \j2kT  ' 


ty 


Ky  firm* 
B  y  2kT 


etc } 


y.n  -o,  v5-voc,  Vy«Voy,  and  v^  -  v0n. 


><  -x/s,  5*  ■  y/S.  etci 
T.  wot  -  (eB/m) t. 


(2.7) 


In  the  present  work,  e x  and  ey  are  both  zero,  but  for  future  use,  we  have 
retained  these  quantitiee  in  the  formulae  below.  We  obtain i 


u  .  ■  ein  e  +  uA„  coe  6  » 

ox  oas 

«on  ■  -uox  coe  6  +  u  ein  8  , 
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h  m  X  co*  »in8  . 


(cos  T  -1)  +-  enT  I 
(1-COS  T  )  -  “  CyT  ) 


(2.B) 


Equations  (2.8)  can  also  be  differentiated  to  find  dz/dr  .  The  numerical  procedure 
for  finding  the  quantities  ^  in  Eq.  (2.5)  then  involves  calculating  z  and  ds/dt 
at  a  sucoession  of  points  along 'an  orbit  (the  electron  will  rsimpact  during  the  first 
gyropsriod  0<r  <  2tt  if  at  all,  so  this  Interval  always  suffices),  and  making  the 
appropriate  tests  on  these  quantitiee  to  find  out  whether  the  orbit  reimpacts  or 
escapes.  For  each  u_  .  and  u0y,j,  this  is  done  for  a  succession  of  values  of  uoz. 
These  tests  also  yielH'the  local' minimum  of  fc(t)  if  one  exists.  Whenever  a  change 
occurs  between  no  escape  and  eacape  from  one  such  value  of  uoz  to  the  next,  an 
interpolation  using  these  minima  can  be  used  to  provide  the  correeponding  value  of 
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ulim  k‘  In  ca"afl  where  they  are  unavailable!  the  arithmetic  mean  of  the  two  succes- 
sive'uoz  values  is  used.  This  completes  the  definition  of  the  procedure  used  for  cal¬ 
culating  the  ratio  l/l0  of  escaping  to  emitted  flux. 


3.  RESULTS  AND  DISCUSSION 


Escaping  secondary-electron  current  densities,  computed  as  described  in  Sec.  2, 
are  shown  in  Table  1  and  Fig.  5.  Each  value  of  i *  I/I  was  calculated  using  191808 
orbits,  evenly  spaced  in  the  intervals  -4,5  i  uox  S  4.5,  -4.5  1  uoy  £  4.5,  and  0  i 
Uok  -  4.5,  with  points  on  the  orbits  calculated  at  intervals  At>tt/45.  For  8  values 
each  of  e  and  6,  the  resulting  calculation  took  83  hr  total  on  a  Hewlett-Packard 
1000F  minicomputer  with  Vector  Instruction  Set.  The  results  are  accurate  to  within 
about  0.5%  or  better.  The  result  for  c  ■  0  is  just  the  analytic  result  i  ■  cos  9  .  To 
see  why  this  is  so,  we  consider  the  electron  orbit  shown  in  Fig.  6,  which  has  been 
fictitiously  extended  so  as  to  pass  through  the  surface  and  re-emerge  from  it.  In 
the  absenco  of  an  electric  field  (c  ■  0) ,  this  orbit  has  the  same  speed  at  the 
re-emergence  point  C  as  at  the  emission  point  A.  Since  we  have  also  assumed  that  the 
emitted  velocity  distribution  is  isotropic,  and  therefore  a  function  of  speed  only, 
the  real  orbit,  for  which  C  is  the  emission  point,  must  carry  the  same  population  as 
would  the  fictitious  re-emerged  orbit.  The  flux  crossing  the  reference  surface  DE, 
which  is  J.B,  is  therefore  the  same  as  if  such  passages  and  re-emergences  actually 
occurred,  and  is  the  same  as  if  another  reference  surface  FG,  also  i.B,  were  emitting 
electrons  having  the  same  velocity  distribution.  However,  in  reality,  the  electrons 
come  from  the  real  surface  HJ,  which  is  not  B,  and  all  the  eleatron-orbit  guiding 
centers  which  are  inside  any  given  magnetic-flux  tuba  through  DE  will  also  be  inside 
the  projection  of  the  same  flux  tube  onto  HJ,  and  the  ratio  of  the  intersection  aroas 
of  this  tube  with  HJ  and  DE  is  just  sec  8  .  The  ratio  of  escaping  to  emitted  flux 
must  therefore  be  the  reciprocal  of  this,  or  cos  8  ,  as  stated  above. 

Also  evident  in  Fig.  5  is  the  fact,  mentioned  in  Sec.  2,  that  when  c  is  large 
enough,  electron  escape  becomes  essentially  complete  except  when  0  is  vary  nearly  90°. 
In  a  real  situation,  E  would  not  be  uniform,  but  would  docrease  with  distance  from 
the  surface,  contrary  to  our  assumptions.  Our  results  can  therefore  be  expected  to 
overestimate  electron  escape.  This  would  probably  not  be  a  large  effect,  but  this 
presumption  remains  to  be  verified.  An  approximate  compensation  for  it  can  be  made 
by  calculating  r  using  an  electric  field  value  which  is  averaged  over  the  first  mean 
gyroradius  distance  from  the  surface, 


The  results  in  Table  1  are  approximated  to  within  2.5%  of  lQ  by  the  empirical 
formula i 

a  -  1  +  1.35c1*1394  exp^O.  083725  <^1  +  tanh  [1.9732  in  < 

-  0.07825  in  [l+  (c/8.5)  1  * 781 48]j> 

b  -  0. 38033c8 *95892  «Xp£j. 0988  ^1  +  tanh[l.49  in  (  >]J*j  l 


c  ■  in  (90°/6 ) i 


(3.1) 


i  ■  cos  [90°  exp(-ac  -  be2)] . 

This  formula  also  has  the  correct  limiting  behavior  when  e^0  or  *,  or  8-*-0°  or  90°. 
An  approximation  formula  for  the  emitted  flux  is  also  available  [Eqs.  (5)  and 
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(6)  of  Laframboise  et  al,  Ref.  4,  and  Laframboise  and  Kamitsuma,  Ref.  5]. 

4.  CALCULATION  OF  SECONDARY-ELECTRON  DENSITIES 

Once  the  secondary-electron  escape  fluxes  are  known  (Sec.  3),  a  simple,  inexpen¬ 
sive,  approximate  calculation  of  their  space-charge  density  distribution  can  be  set 
up.  The  proposed  method  is  as  follows!  (1)  ignore  the  gyromotion  of  the  secondary 
electrons  once  they  have  escaped.  Their  mot|.ojj  then  involves!  (a)  ar.  acceleration 
$loijg  magnetic  field  lines,  of  amount  -(e/m)E*B/B  (b)  a  drift,  motion  of  velocity 
E  x  B/B2  across  magnetic  field  lines.  (2)  Integrate  enough  of  the  trajectories 
defined  by  this  motion  (i.e.  their  guiding-center  trajectories)  to  define  trajectory 
tubes  whose  cross-section  at  any  point  can  be  calculated  with  sufficient  accuracy > 
the  method  described  by  Laframboise  et  al  (Ref.  6,  Sec.  7) ,  can  be  used  to  calculate 
the  araa  of  a  trajectory  tube  without  reference  to  neighbouring  trajectories.  (3) 
Calculate  their  space-charge  density  n(£)  at  any  point  by  (a)  ignoring  the  "thermal" 
Spread  of  their  velocities  (b)  thsn  invoking  ths  fact  that  their  density  *  their 
velocity  [as  given  by  the  orbit  integration  mentioned  in  (2)J,  *  the  cross-sectional 
araa  A(r)  of  the  trajectory  tube  (which  must  be  calculated  in  a  plane  I.  the  traject¬ 
ory)  at  the  point  r  in  question,  ■  a  constant  (whoss  value  is  given  by  the  initial 
conditions  at  the  point  on  the  spacecraft  where  the  trajectory  originates)  (c)  find¬ 
ing  their  velocity  at  the  point  in  question  by  using  energy  conservation,  together 
with  the  values  of  electric  potential  $  (?)  and  at  that  point  and  ths  emission 
point,  and  their  assumed  velocity  vQ  at  the  amission  point.  The  result  1st 

n(t)  -  n0voA<y^A(?)  J  v02+  (2e/m)  (?)  -  (frj  ]“  (4.1) 

where  n0v„  is  the  escaping  flux  calculated  in  Sec.  3.  At  most  positions,  n(?)  will 
be  insensitive  to  the  precise  value  assumed  for  v02>  assuming  that  vQ  ■  the 
one-sided  thermal  speed  ^kT/irm)*11  will  suffice  for  most  purposes. 
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TABLE  1 

Values  of  the  ratio  i  «I/I0  of  escaping  to  emitted  flu.'?,  for  various  values  of  9, 
the  angle  (in  degrees)  between  the  surface  normal  and  the  magnetic  field  direction, 
and  e ,  the  nondimensional  repelling  electric  field  strength.  These  two  quantities 
appear  in  the  table  as  THETA  and  EPS,  respectively.  These  results  are  accurate  to 
within  about  0.5%  or  better;  thus  the  differences  between  .999  and  1.000  in  the  Table 
are  not  significant.  For  9«*0°,  i  ■  1  for  all  values  of  £. 


Figure  1.  Effect  of  surface  orientation  on  escape  of  emitted  electrons.  In  (a),  the 
spacecraft  surface  is  perpendicular  to  the  magnetic  field  B,  and  the  emitted  electron^ 
which  experience  an  electric  force  -tit  directed  away  from  the  surface,  all  escape.  In 
(b) ,  the  spacecraft  surface  is  nearly  parallel  to  $,  and  almost  all  of  the  emitted 
electrons  return  to  the  surface,  even  though  they  still  experience  an  electric  force 
directed  away  from  it.  Note  that  the  component  of  E  perpendicular  to  1$  results  only 
in  an  £  x ^  drift  parallel  to  the  surface. 
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Figure  2.  Spacecraft  simultaneously  in  a  collisionloss  ion  flow  and  a  magnetic  field 

t. 


Figure  3.  Cooiiinate  system  for  calculating  electron  escape  fluxes.  The  y -coordinate 
(not  shown)  is  directed  into  the  plane  of  the  Figure. 
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Figure  4.  Example  of  an  electron  orbit  having  zero  initial  velocity.  The  magnetic 
field  £  is  parallel  to  the  (x,z)  plane,  and  makes  an  angle  6  »  75°  with  the  z  axis. 
e*l.  Three  gyroperiods  of  the  orbit  (0  1  t  i  6tt)  are  shown. 


Figure  5.  Ratio  i * l/I0  of  escaping  to  emitted  secondary-electron  flux,  as  a  funct 
ion  of  the  angle  6  between  the  surface  normal  and  the  magnetic  field  direction,  for 
various  values  of  the  repelling  electric  field  strength  parameter  e*  (E/B)  (rt m/2kT)* 
The  result  for  e  =  0  is  given  by  i =  cos  8 . 


285 


Figure  6.  Electron  orbit  for  c  *0,  fictitiously  extended  so  as  to  pass  through  the 
surface  and  re-emerge  from  it. 
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SELF -CONSISTENT  SIMULATION  OF  PLASMA  INTERACTIONS  WITH 
SECONDARY-EMITTING  INSULATORS 

S.  T.  Brandon,  R.  L.  Rusk,  T.  P.  Armstrong,  and  J.  Enoch 
Univarsity  of  Kansas 
Lawrence,  Kansas  66045 


A  cylindrical  particle-in-cell  (PIC)  plaama  simulation  code  applicable 
to  olaama  densities  encountered  in  low  earth  orbit  (LEO)  is  nearing 
completion.  The  simulated  geometries  include  that  of  a  plain  disk  and  a 
disk  surrounded  by  a  dielectric.  Both  configurations  are  mounted  upon  a 
ground  plate  in  contact  with  a  plaama  environment.  Techniques  allowing 
simulation  of  dielectric  charging  using  PIC  time  scales  are  discussed. 
Current  versus  voltage  characteristic  curves  are  calculated  and  the  results 
are  compared  to  experimental  data. 


INTRODUCTION 


The  plasau  densities  present  in  LEO  (10  -  10  / cm)  may  cause  the 
collection  of  large  plasma  coupling  currents  for  spacecraft  operating  at  high 
voltages.  In  particular,  large  high-voltage  aolar  cell  arrays  exposed  to  the 
LEO  environment  could  collect  enough  parasitic  current  from  the  ambient 
plasma  to  degrade  their  performance.  Additionally,  exposed  dielectric 
material  can  develop  large  differential  potentials.  Punctures  in  insulators 
over  conductors  have  been  seen  to  collect  currents  much  larger  than  would  be 
expected  based  on  the  area  of  the  exposed  conductor  (ref.  1). 

In  this  paper,  a  status  report  of  the  results  of  a  continuing  effort  to 
develop  a  self-consistent  numerical  simulation  to  explore  more  thoroughly  the 
interactions  of  an  ambient  plasma  with  a  conducting  disk,  which  may  be 
partially  covered  with  a  dielectric  material,  is  presented.  The  disk 
surrounded  by  dielectric  material  represents  a  hole  in  an  insulator  covering 
a  conductor.  The  background  plasma  parameters  are  chosen  to  resemble 
conditions  of  LEO.  Since  all  particle  trajectories  are  known,  any  process 
which  can  be  modeled  statistically  for  a  single  plssma  particle  can  be 
included  by  the  simulation  code.  Plasma  interactions  currently  considered 
include  the  effects  of  charge  collection  on  the  dielectric  and  secondary 
electron  emission.  The  simulation  region  includes  a  ground  plate  on  which 
the  disk  or  disk  and  dielectric  are  mounted.  The  resulting  configuration 
closely  matches  the  experiments  (ref.  2). 

This  combination  of  geometry  and  plasma  parameters  incorporates  the 
basic  physics  of  the  interactions  which  would  be  present  between  a  high 
voltage  solar  cell  array  and  the  plasma  environment.  Yet,  unlike  the  solar 
array,  the  geometry  is  simple  enough  to  be  handled  by  a  particle-pushing 
code.  Although  a  ratio  of  ion  to  electron  mass  of  1:1  is  comsMnly  used,  mass 
ratios  of  100:1  or  higher  can  be  handled.  This  allows  the  simulation  of 
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negative  voltage*  present  upon  the  central  conductor.  Thus,  information 
gained  from  an  analysis  of  the  disk  and  dielectric  configuration  will  be 
directly  applicable  to  the  design  of  large-scale,  high-voltage  solar  cell 
arrays  meant  to  be  placed  in  low  earth  orbit. 


REVIEW  OF  THE  SIMULATION  MODEL 


The  plasma  simulation  code  is  a  further  development  of  the  2-1/2 
dimensional  program  described  previously  (ref*.  3  to  6).  The  cylindrical 
simulation  region  is  divided  into  a  numerical  grid  which  ia  used  to  calculate 
the  potentials  and  fields  of  the  problem.  The  calculational  grid  is  shown  in 
figure  1.  Each  cell  represents  a  ring  of  space  due  to  rotational  symmetry 
about  the  Z-axis  (boundary  region  1).  Boundary  regions  2  and  3  represent  the 
outeir  boundaries  of  the  calculation.  The  outer  boundaries  are  assumed  to  be 
removed  far  enough  from  the  conducting  disk  so  that  potentials  imposed  upon 
the  disk  do  not  affect  the  boundaries.  Thus,  the  plasma  is  maxwellian  at  the 
outer  boundaries  and  the  potential  it  set  to  zero.  Particles  are  added  to 
the  simulation  along  boundaries  3  and  4  according  to  the  value  of  the  random 
thermal  current.  Particles  are  lost  to  the  simulation  whenever  their  orbits 
cross  one  of  these  two  boundaries.  Boundary  region  4  represents  the  ground 
plate.  The  potential  on  boundary  region  4  is  set  to  zero  and  all  particles 
intersecting  this  boundary  are  absorbed.  The  surface  of  the  dielectric 
covering  part  of  the  conductor  is  represented  by  boundary  region  5  (may  have 
zero  length).  All  particles  striking  boundary  region  5  are  absorbed. 
Electrons  striking  the  dielectric  My  emit  secondaries  with  their  number 
distribution  given  by  fits  to  experimental  data  presented  by  Haffner 
(ref.  7).  The  potential  on  the  surface  of  the  dielectric  is  determined  by 
the  following  equation: 


♦(«)  -  |  [**o  +  |4(0)J  +  «#(az) 


where  6  is  the  thickness  of  the  dielectric,  e  is  the  dielectric  constant,  a 
is  the  charge  per  unit  sres,  and  9(0)  is  the  potential  of  the  conducting 
disk.  This  is  just  an  infinite  capacitor  approximation  which  may  not  be 
valid  near  the  edges  of  the  dielectric  surface.  Boundary  region  6  represents 
the  exposed  portion  of  the  conducting  disk  which  can  be  set  at  a  desired 
potential  with  respect  to  the  potential  of  the  plasms  exterior  to  the 
simulation  region  (zero).  Particles  which  enter  boundary  region  6  are 
absorbed  and  form  the  current  drawn  by  the  conductor  from  the  plasma. 

The  simulation  code  is  based  upon  standard  PIC  simulation  techniques 
whenever  possible.  An  overview  of  the  program  is  shown  in  figure  2.  The 
initial  particles  are  randomly  added  to  the  simulated  space  with  velocities 
chosen  from  a  maxwellian  distribution.  This  represents  a  nonequilibrium 
situation  unless  a  potential  of  zero  is  specified  on  the  conductor.  The 
equations  of  motion  are  integrated  using  a  second-order  leap-frog  method.  To 
avoid  the  singularity  present  in  the  cylindrical  equations  of  motion  as  r 
approaches  zero,  cartesian  coordinates  sre  used  to  compute  particle 
movement.  The  coordinates  are  converted  back  into  the  cylindrical  form  when 
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the  aove  ii  completed.  The  particle  mover  advances  part idea  through  the 
simulation  in  increments  of  the  time  atep  value.  The  time  atep  value  ie  aet 
auch  that  the  faateat  particles  move  less  than  1  grid  cell  per  time  step 
(about  10“*  sec).  Particles  are  added  at  the  outer  boundaries  from  the 
surrounding  undisturbed  plasma  (assumed  to  have  a  maxwell ian  velocity 
distribution,  usually  of  10,000  deg  K,  about  1  eV).  All  particles  present 
which  have  entered  any  of  the  sink  regions  are  discarded.  The  remaining 
particle  charges  are  spread  over  the  grid  using  volume  weighting  over  the 
nearest  grid  cells.  Successive  over- relaxation  with  odd-even  stepping  is 
used  to  solve  Poisson's  equation  -  yielding  a  self-consistent  calculation  of 
the  electrostatic  potential.  The  electric  field  can  then  be  calculated  by 
differentiating  the  potential. 

The  total  number  of  time  steps  simulated  may  range  from  about  4000  time 
steps  for  the  plain  disk  configuration  to  20,000  time  steps  for  the  disk  and 
dielectric  configuration.  The  average  age  of  particles  within  the  simulations 
for  the  20x20  grid  is  about  100  time  steps.  This  implies  a  complete  cycling 
of  particles  in  the  simulation  apace  occurring  about  200  times  for  a  20,000 
time  step  simulation.  Hence,  plaama  parameters  such  as  temperature  and 
density  are  determined  by  the  additions  of  particles  on  the  outside 
boundaries,  not  by  the  initial  particle  distribution.  It  is  important  to 
ensure  that  the  program  can  maintain  a  constant  density  and  temperature  for  a 
free  plasma  over  many  time  steps.  Simulation  of  a  free  plasma  is  accomplished 
by  setting  the  radius  of  the  conductor  to  xero  (extending  boundary  region  4 
over  the  entire  lower  boundary)  and  reflecting  any  particles  which  cross 
boundary  region  4.  The  potential  on  boundary  region  4  is  set  to  sero.  A  plot 
of  the  total  number  of  particles  present  in  the  simulation  region  versus  time 
step  number  ia  shown  in  figure  3.  The  initial  number  of  particles  (2000  per 
apecies)  remains  constant  within  statistical  fluctuations  for  the  entire  8000 
time  steps  computed  using  a  20x20  calculational  grid  sixe.  The  average 
kinetic  energy  per  particle  remains  constant  as  shown  in  figure  4.  Thus  the 
simulation  code  has  been  shown  to  be  able  to  simulate  a  free  plaama  for  a 
large  number  of  time  steps  without  undergoing  any  nonphysical  instabilities. 

Thia  simulation  program  is  applicable  when  the  plasma  Debye  length  is  of 
about  the  same  order  of  magnitude  as  the  disk  radius.  Large  plasma  densities 
would  cause  large  fluctuations  in  the  collected  current,  since  this 
calculation  makes  use  of  a  small  number  of  particles.  The  PIC  assumptions 
made  also  imply  that  the  Debye  length  is  larger  than  one  grid  cell.  With 
these  restrictions  and  probe  sixes  ranging  from  1.75  cm  to  10.0  cm  in  radius 
and  with  electron  and  ion  temperatures  of  about  1  eV,  plasma  densities  are 
than  about  10,000  particles  per  cubic  centimeter.  This  corresponds  to 
environments  encountered  in  the  upper  ionosphere  or  low  earth  orbit.  The 
Debye  length  under  these  conditions  is  about  5  cm. 


PLAIN  DISK  CALCULATIONS 


Approach  to  Equilibrium 

The  plain  disk  or  electrostatic  probe  configuration  is  the  airiest 
configuration  simulated.  The  rapid  approach  to  equilibrium  is  demonstrated  in 
figure  5.  Voltage  versus  current  density  curves  drawn  by  the  disk  are  shown 
for  simulation  runs  of  various  durations.  The  value  for  the  current  can  be 
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seen  to  achieve  an  equilibrium  state  after  2000  time  atepa  of  the  simulation 
have  been  completed.  Since  only  two  or  three  thousand  time  atepa  need  be 
taken,  a  large  number  of  rune  may  be  made  for  the  disk  only  case  using  a 
relatively  small  amount  of  computer  time  (1  minute  on  the  CRAY  I,  and  36 
minutes  for  the  VAX  11/750  with  a  4000  time  step  run).  Thus  the  plain  disk 
simulations  can  be  used  to  explore  a  wide  range  of  plasma  parameters  and 
establish  areas  of  applicability  for  the  more  complex  disk  and  dielectric 
simulations. 


Comparison  with  Experiment 

The  comparison  with  experiment  (ref.  2)  is  displayed  by  figure  6.  The 
experimental  current-voltage  curve  is  shown  for  a  plasma  density  of  20,000 
particles  per  cubic  centimeter  and  a  disk  radius  of  1.75  cm.  The  only 
modification  to  the  experimental  curve  has  been  the  correction  of  -8  volts  so 
that  voltages  in  both  the  simulation  and  the  experiment  will  be  referenced  to 
the  plasma  potential,  and  not  to  the  vacuum  chamber  wall.  In  spite  of 
experimental  uncertainties  in  the  plasma  parameters  and  statistical  errors 
present  in  the  simulations,  the  experiment  and  calculated  values  of  the 
collected  current  versus  voltage  are  in  good  agreement. 

The  calculated  curve  was  constructed  as  a  hybrid  of  three  separate 
series  of  computer  runs.  The  voltage  points  between  20  and  200  volts  were 
obtained  using  a  10x10  grid  simulation  running  for  3200  time  steps  on  a  VAX 
11/750  computer.  The  lower  voltage  points  were  also  calculated  with  a  10x10 
grid  simulation,  but  16,000  time  steps  were  necessary  to  reduce  the 
statistical  fluctuations.  The  higher  voltages  were  simulated  with  a  20x20 
grid  utilising  the  same  spacial  resolution  as  the  other  10x10  grid 
calculations.  Both  the  lower  and  higher  voltage  points  were  computed  on  a 
CRAY  I  machine. 

The  negative  voltage  experimental  curve  can  also  be  compared  to  the 
positive  voltage  simulation  results.  The  current  collected  by  the  positive 
voltage  simulations  is  scaled  by  the  square  root  of  the  mass  ratio  (for  a 
nitrogen  plasma  the  scale  factor  is  160)  to  produce  the  expected  results  of  a 
negative  voltage  run.  This  comparison  is  shown  in  figure  7.  The  agreement 
between  simulation  and  experiment  is  not  as  good  as  for  the  positive 
voltages.  The  simulation  collects  about  1/2  of  the  current  of  the  experiment 
throughout  the  voltage  range.  This  is  within  the  experimental  uncertainties 
and  simulation  statistical  error.  However,  unlike  the  positive  voltage  case, 
the  mean  values  of  the  collected  current  do  not  agree.  This  indicates  that 
current  scaling  by  the  square  root  of  the  mass  ratio  for  negative  voltages 
(large  ion  to  electron  mass  ratios)  is  only  approximate. 


Simulation  of  Large  Mass  Ratios 

For  the  disk  only  configuration,  the  current  collected  by  the  positive 
voltage  calculation  can  be  scaled  to  the  expected  current  that  would  be  seen 
in  a  negative  voltage  simulation.  For  the  disk  and  dielectric  configuration 
the  current  scaling  to  negative  voltages  is  Inappropriate  due  to  the  presence 
of  a  dielectric  surface  which  will  charge  differently  in  the  two  voltage 
ranges.  The  charging  of  the  dielectric  will  also  depend  upon  the  ratio 
between  the  ion  and  elactron  mass.  With  the  normal  1:1  mass  ratio,  the 
dielectric  surface,  when  exposed  to  the  plasma,  will  not  charge,  in  spite  of 
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the  feet  that  the  increased  mobility  of  the  electrons  should  charge  the 
surface  of  the  dielectric  negatively.  In  order  to  be  able  to  realistically 
sianilate  dielectric  charging  effects  and  negative  voltages  for  the  disk  and 
dielectric  configuration,  it  is  necessary  to  relax  the  PIC  requirement  of  1:1 

mass  ratios. 

The  disk  only  configuration  provides  an  excellent  test  of  the  methods 
developed  to  handle  larger  mass  ratios.  This  configurstion  is  simple  and 
gives  simulation  results  with  a  minimum  of  CPU  time.  The  expected  collected 
current  for  each  mass  ratio  can  be  found  by  simply  scaling  the  positive 
voltage  result  to  the  negative  voltage  simulation  value.  The  diagnoatics 
furnished  are  excellent. 

The  usual  way  to  bundle  larger  mass  ratios  is  to  simply  give  the  ions  a 
larger  mass  value  TUs  method  has  several  disadvantages.  Since  the 
simulation  procedure  ir>  not  affected,  it  takes  the  same  CPU  time  per  time 
step  to  simulate  larger  mass  ratios  as  it  would  to  simulate  a  1:1  mass 
ratio.  The  distance  each  ion  would  move  per  time  step  decreases  with  the 
Increasing  value  of  the  mass  ratio.  Thus,  for  reasonable  mass  ratios 
(hydrogen  plasma,  1836:1),  the  simulation  would  have  to  be  run  many  tiaMS 
longer  (at  the  same  relative  speed)  to  come  to  equilibrium.  Also  the  ion 
motion  per  time  step  might  become  so  small  as  to  be  dominated  by  roundoff 
error.  This  generally  limits  PIC  simulations  to  various  small  values  of  the 
mass  ratio.  From  these  results,  speculations  are  made  as  to  the  effect  of 
realistic  mass  ratios. 

Another  method  to  simulate  large  mass  ratios  can  be  developed.  The 
relatively  slow  movement  of  the  ions  per  time  step  indicates  that  it  is  a 
wasted  effort  to  move  them  every  time  step.  Instead,  ions  can  be  moved  once 
overy  n  time  steps.  In  this  case  n  is  chosen  to  be  large  enough  so  the  ions 
move  about  the  same  average  distancea  every  n  time  steps  as  they  would  in  a 
simulation  run  with  a  mass  ratio  of  1:1  for  each  time  step.  Thus  ion  and 
electron  particle  movement  are  restored  to  a  relative  parity  at  the  expense 
of  the  additional  assumption  that  the  electric  fluids  remain  constant  (at 
least  in  the  average)  for  n  time  steps.  The  constant  electric  field 
assumption  is  clearly  invalid  at  the  beginning  of  a  run.  However,  once  a 
simulation  reaches  an  equilibrium  state,  the  assumption  of  a  constant 
electric  field  should  be  justified.  Once  agaia  it  is  postulated  that  if  the 
simulation  is  run  until  an  equilibrium  state  is  reached,  details  about  tbt 
approach  to  the  equilibrium  are  lost  -  Implying  the  equilibrium  state  is 
unique . 

The  remaining  problem  is  to  determine  n  for  a  given  mass  ratio  in  such  a 
manner  that  the  least  amount  of  extra  computing  is  required.  The  particle'w 
energy  should  remain  constant  as  the  mass  ratio  is  varied.  Therefore,  the  ion 
velocity  is  proportional  to  the  square  root  of  the  inverse  of  its  mass 
ratio.  The  time  period  over  which  the  ions  are  moved  then  is  just 
proportional  to  the  square  root  of  their  mass  ratio.  The  simulated  mass  ratio 
should  be  chosen  such  that  its  square  root  is  an  integer. 

The  above  algorithm  can  be  implemented  with  the  PIC  code  by  the 
following  simple  procedure.  The  form  of  the  equations  of  motion  describing 
the  R  coordinate  which  are  solved  by  the  particle  mover  are: 
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Since  the  energies  of  particles  with  differing  mass  ratios  are  constant  at 
each  point  along  the  trajectory,  the  angular  momentum  term,  l*/mr  »  remains 
constant  under  variations  of  the  ion  mass  ratio.  The  combined  effects  of 
substituting  m'enns  and  At'«nAt  just  cancel  in  the  equations  of  motion.  A 
similar  behavior  is  found  for  the  equations  of  motion  describing  the  Z 
coordinate.  Thus,  mass  ratios  of  n*:l  can  be  simulated  simply  by  moving  the 
ions  only  once  every  n  time  steps. 

Results  obtained  by  using  the  direct  and  indirect  methods  to  simulate 
large  mass  ratios  have  no  effect  on  the  current  collected  by  the  disk  for 
positive  voltages.  The  collected  current  is  dominated  by  electrons;  any 
difference  in  the  ion  mass  is  not  seen.  The  best  test  of  the  larger  mass 
ratio  simulation  methods  is  the  simulation  of  negative  voltages  on  the 
conductor.  In  this  case  the  ions  dominate  the  current  and  the  electrons  are 
excluded  from  the  conductor.  Results  of  simulations  using  several  different 
mass  ratios  by  both  methods  are  shown  in  figure  8.  The  expected  current  which 
would  be  collected  by  the  conductor  decreases  with  increasing  mass  ratios. 
The  general  shape  of  the  current-voltage  curve  remains  intact  for  both 
approximations  down  to  mass  ratios  of  4:1.  For  mass  ratios  of  100:1,  the 
straightforward  method  of  computing  mass  ratio  effects  using  a  larger  suss 
value  begins  to  collect  more  current  than  the  simulations  which  move  the 
ions  once  per  every  10  time  steps.  When  a  mass  ratio  of  1849:1  is  attempted, 
by  moving  the  ions  once  per  43  time  steps,  the  current-voltage  curve  begins 
to  bend  over.  This  could  be  caused  by  a  lack  of  statistics  (30,000  time  steps 
result  in  only  700  ion  movements)  or  possibly  the  assumption  of  constant 
electric  fields  over  the  100  time  step  interval  is  beginning  to  break  down. 


THE  DISK  AND  DIELECTRIC  CONFIGURATION 


The  Approach  to  Equilibrium 

The  final  equilibrium  situation  of  the  disk  and  dielectric  is  much 
harder  to  identify  than  that  of  the  plain  disk.  The  capacitance  inherent  in 
the  dielectric  causes  the  response  time  for  charging  to  be  large  compared 
with  the  plasma  frequency.  Typically  the  dielectric  may  slowly  charge  or 
discharge  during  the  aimulation  run,  imitating  an  equilibrium  situation  in 
the  steadiness  of  the  current  values  obtained.  It  is  important  to  take  a 
detailed  look  at  the  available  history  information  to  determine  whether  a 
run  reached  an  equilibrium  state.  For  quick  inspections,  the  value  of  the 
total  charge  collected  by  the  dielectric  is  usually  the  most  sensitive 
indicator  of  equilibrium.  In  practice  it  has  been  difficult  to  run 
current-voltage  points  long  enough  to  arrive  at  an  equilibrium  value. 
Techniques  have  been  developed  to  make  the  calculation  come  into  an 
equilibrium  state  in  a  reasonable  number  of  time  steps. 
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One  way  to  reach  equilibrium  is  simply  to  run  the  simulation  long  enough 
(many  plasma  periods)  until  the  equilibrium  state  is  found.  This  method  was 
tried  for  the  10x10  grid  with  500  particles  per  species.  A  time  history  plot 
of  the  total  charge  on  the  dielectric  obtained  from  a  20,000  time  step  run 
made  at  10  volts  is  shown  in  figure  9.  Beginning  with  an  uncharged 
dielectric,  charge  accumulates  rapidly  for  about  the  first  15,000  time  steps. 
Due  to  the  uniformly  decreasing  value  of  the  slope  of  the  curve,  it  is 
difficult  to  determine  the  onset  of  the  equilibrium  situation. 

The  first  method  implemented  to  speed  the  approach  to  equilibrium  is 
based  upon  the  observation  that  the  dielectric  generally  charges  until  its 
potential  decreases  to  zero  (the  voltage  is  lower  than  the  first  crossover 
point  for  secondary  emission).  If  most  of  the  charge  needed  to  reach  zero 
potential  is  added  during  the  initialization,  less  time  will  be  spent 
collecting  charge  during  the  run.  Effects  of  loading  the  dielectric  with 
different  amounts  of  charge  are  also  shown  in  figure  9.  All  runs  come  to  the 
same  equilibrium,  which  suggests  that  the  equilibrium  is  unique.  This  method 
of  decreasing  the  time  to  reach  equilibrium  proves  to  be  ineffective  at 
higher  voltages.  The  dielectric  must  collect  more  particles  to  charge  to  an 
equilibrium  value  than  are  added  at  the  boundaries  during  the  20,000  time 
steps  of  the  calculation. 

The  relationship  which  causes  the  simulation  to  approach  equilibrium 
slowly  is  contained  in  the  boundary  condition  imposed  upon  the  dielectric 
(equation  1).  The  leading  factor  of  the  thickness  of  the  dielectric  over  the 
dielectric  constant  is  usually  small  (in  the  previous  runs  we  have  used  a 
value  of  1/28  as  opposed  to  the  experimental  value  of  1/280  in  order  to  keep 
this  ratio  large  enough  to  be  somewhat  manageable).  The  small  value  of  d/e 
means  that  a  large  amount  of  simulation  time  will  be  used  to  accumulate  this 
charge.  The  second  method  implemented  to  speed  up  the  approach  to  equilibrium 
was  the  introduction  of  artificially  high  values  for  d/e.  The  physical 
effects  of  increasing  d/e  can  be  thought  of  in  one  of  several  ways: 

1.  a  decrease  in  the  c.  nacitance  associated  with  the  dielectric 

2.  an  introduction  of  an  artificial  dielectric  thickness 

3.  artificially  increasing  the  charge  collected  by  the  dielectric 

The  result  of  a  10  volt  run  with  a  10x10  grid  of  500  particles  per  species  is 
shown  in  figure  10.  The  time  history  graph  of  the  total  charge  collected  by 
the  dielectric  ahoys  that  equilibrium  is  reached  after  about  500  time  steps 
for  a  value  of  (d/e)  set  to  1. 

•ft 

The  artificial  value  of  (5/e)  must  be  chosen  with  care.  If  the  value  is 
too  small,  equilibrium  still  will  not  be  reached.  If  the  value  is  too  large, 
the  potential  on  the  dielectric  will  vary  dramatically  with  the  collection  of 
only  small  numbers  of  particles  (one).  Assuming  a  constant  charging  rate 
proportional  to  the  thermal  current  leads  to  the  following  expression: 


•N», 


(i)  *  .  C - - - m  («) 

where  V  is  the  voltage  on  the  conductor,  At  is  the  time  step  value,  n  i»  the 
electron  density,  T  is  the  electron  temperature,  and  C  is  the  proportionality 


293 


constant.  Substituting  values  of  the  other  variables  for  the  above  10  volt 
run  determines  C  (.4824). 

if 

The  artificial  value  of  (6/e)  computed  with  the  above  equation  assumes 
the  number  of  particles  present  is  large  enough  so  that  non  physical  effects 
associated  with  the  granularity  of  change  collected  on  the  dielectric  do  not 
occur.  In  practice,  the  value  of  (6/e)  must  be  kept  small  enough  that  the 
change  in  the  potential  on  the  dielectric  surface  per  particle  impact  is  only 
a  small  fraction  of  the  potential  applied  to  the  conductor  (1%).  The  upper 
limit  of  the  value  of  (6/e)  is  then  given  as  follows: 


where  dr  is  the  length  of  a  grid  cell  and  q  is  the  charge  per  macroparticle. 


Comparison  with  Experiment 

The  resulting  current-voltage  curves  for  the  disk  and  dielectric 
configuration  are  shown  in  figure  11  for  a  disk  radius  of  1.75  cm  and  a 
dielectric  radius  of  8.75  cm.  The  simulation  with  a  mass  ratio  of  1:1 
collects  the  same  amount  of  current  as  the  plain  disk  (the  size  of  the 
exposed  conductor  is  the  same)  for  low  voltages.  As  the  voltage  on  the 
conductor  is  raised,  a  point  is  reached  where  the  current  collected  by  the 
disk  surrounded  with  dielectric  material  increases  compared  to  that  of  the 
plain  disk.  This  increase  in  collected  current  is  due  to  the  presence  of  the 
dielectric  and  occurs  when  the  dielectric  begins  to  come  to  an  equilibrium 
with  positive  potentials  near  the  conducting  disk.  The  dielectric  will  charge 
to  positive  values  when  the  average  number  of  secondaries  released  by  the 
impacting  primary  electrons  is  greater  than  one.  The  point  at  which  this 
occurs  is  determined  by  details  of  the  secondary  emission  yield  curve  for  the 
dielectric  and  by  the  energy  spectrum  of  the  primary  particles.  The 
calculated  current-voltage  characteristic  curve  shows  a  current  enhancement 
beginning  at  a  lower  voltage  than  that  found  in  the  experiment. 

Also  shown  in  figure  11  are  calculated  current-voltage  curves  for  mass 
ratios  of  4:1  and  100:1.  The  larger  mass  ratios  allow  the  surface  to  charge 
negatively  for  low  voltages.  The  negative  voltages  present  on  the  dielectric 
reduce  the  collection  of  electrons  by  the  conductor  for  low  voltsges.  As  the 
voltage  on  the  conductor  is  increased,  the  surface  of  the  dielectric  begins 
to  become  positive,  as  in  the  1:1  mass  ratio  case.  From  this  point  on,  the 
current  remains  almost  unaffected  by  the  ion  mass  ratio.  These 
current-voltage  curves  show  qualitatively  correct  behavior  using  the  correct 
boundary  conditions. 


Variations  of  the  Secondary  Electron  Emission  Yield  Parameter 

The  effect  of  variations  in  o ,  the  maximum  number  of  electrons 
scattered  from  the  dielectric  surface"per  incoming  primary  electron,  upon  the 
current  voltage  curves  is  shown  in  figure  12.  The  voltage  of  the  onset  of 
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the  increase  in  collected  current  with  reference  to  the  plain  disk  decreases 
with  increasing  cr  .  The  Increase  in  a  lowers  the  energy  of  the  first 
crossover  for  secondary  emission.  Also,  the  number  of  secondaries  released 
for  energies  larger  thin  the  first  crossover  point  increases.  Both  effects 
create  more  secondary  emission  at  lower  voltages  than  would  normally  be 
found.  The  sensitivity  of  the  calculation  to  the  secondary  electron 
production  might  be  sufficient  to  allow  the  measurement  of  the  yield  curve 
parameters  for  low  voltages  by  fitting  the  response  to  experimental  data. 

A  detailed  examination  of  the  potential  present  along  the  top  of  the 
dielectric  during  a  simulation  run  which  collected  more  current  than  that  of 
the  plain  disk  reveals  what  is  happening.  Tke  initial  condition  shown  in 
figure  13  for  time  step  zero  is  a  fully  charged  dielectric;  the  potential  on 
the  dielectric  surface  is  zero.  This  would  be  realistic  if  the  voltage  on 
the  conductor  were  increased  slowly  from  a  value  low  enough  that  the 
dielectric  surface  became  fully  charged.  As  the  simulation  proceeds,  the 
potential  upon  the  dielectric  remains  unstable,  but  positive  for  the  first 
6,000  time  steps.  After  the  equilibrium  situation  is  reached,  the  potential 
remains  constant  to  the  termination  of  the  run  after  20,000  time  steps.  The 
equilibrium  potential  over  the  dielectric  is  uniformly  positive  and 
decreasing  in  value  from  the  voltage  on  the  exposed  conductor  to  near  zero  at 
the  outside  edge  of  the  dielectric.  The  potentials  behave  as  if  they  have 
"snapped  over"  from  their  normal  near  zero  level.  This  resembles  the 
snapover  phenomenon  observed  in  experiments  with  solar  cell  arrays  (ref.  2). 
The  potential  upon  the  cover  slips  for  the  array  increased  from  values  near 
zero  below  100  volts  to  values  about  50  volts  lesa  than  that  of  the 
interconnects  for  voltages  greater  than  about  200  volts. 


CONCLUDING  REMARKS 


A  cylindrical  particle-in-cell  plasma  simulation  code  applicable  to 
plasma  densities  encountered  in  low  earth  orbit  is  nearing  completion. 
Results  of  the  calculation  of  plasma  coupling  current  for  the  plain  disk  are 
in  agreement  with  experiment  for  positive  voltages.  Any  deficiencies  in  the 
simulation  of  the  disk  and  dielectric  configuration  are  due  solely  to  the 
interactions  of  the  dielectric.  Techniques  have  been  developed  which  allow 
dielectric  charging  to  occur  at  PIC  time  scales.  The  current-voltage 
characteristic  curves  are  in  qualitative  agreement  with  experiment, 
indicating  that  for  these  voltage  ranges  charge  sticking  and  secondary 
emission  probably  adequately  describe  the  dielectric  interactions  with  the 
ambient  plasma.  The  amount  of  secondary  emission  from  the  dielectric  at  low 
voltages  during  the  simulations  needs  to  be  reduced  to  match  the  experimental 
current-voltage  characteristic  curve.  Calculations  using  large  ion  to 
electron  mass  ratios  are  made  possible  by  restricting  both  the  grid  size  and 
particle  number  and  simulating  the  mass  ratio  effects  by  moving  the  ions  once 
for  every  n  time  steps.  The  square  root  of  the  desired  ion  to  electron  mass 
ratio  determines  the  value  of  n.  Further  computational  effort  is  required  to 
extend  the  range  of  the  disk  and  dielectric  simulations  to  higher  voltages 
and  larger  mass  ratios. 
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Figure  2,  -  Overview  of  simulation  code. 
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Simulation  of  a  free  plasma  -  number  of  particles. 
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Figure  9.  -  Approach  to  equilibrium  -  effects  of  loading  dielectric  with 
different  amounts  of  charge. 
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Figure  10.  -  Approach  to  equilibrium  -  effects  of  Increasing  «/*. 
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Spacecraft  of  tha  futura  will  ba  larger  and  hava  higher  power 
requirements  than  any  flown  Co  data.  For  aavaral  raaaona,  it  la  desir¬ 
able  co  operate  a  high-power  ayatea  at  high  voltage.  While  the  optimal 
voltagaa  for  many  futura  missions  are  in  tha  range  500-5000  volte,  tha 
highaat  voltage  yet  flown  ia  ^100  volte.  (For  a  proposed  solar  power 
satellite,  voltages  as  high  as  40  kV  have  been  aantioned.) 

S- CUBED,  under  contract  to  NASA/Lewis  Research  Center,  is  develop¬ 
ing  tha  NASCAF/LEO  (ref.  1)  coda  to  eabody  tha  phenoaanology  needed  to 
model  the  environaentel  interactions  of  high  voltage  spacecraft.  In 
this  paper  we  will  diacuas  aoae  aspects  of  the  interaction  between  a 
high  voltage  apacecraft  and  its  plasaa  environment.  We  will  also 
describe  the  treatment  of  the  surface  conductivity  associated  with 
emitted  electrons.  Finally,  we  will  excerpt  some  simulations  by 
NASCAP/LEO  of  ground-based  high-voltage  interaction  experiments. 

PLASMA  INTERACTIONS 

Table  1  ehowa  two  representative  low-orbit  environments  compared 
with  a  typical  geosynchronous  plasma.  The  low  orbit  plasma  is  far 
colder  and  denser,  resulting  in  a  short  (*1  cm)  Debye  length.  The 
short  Debye  length  la  deceptive,  however,  as  a  high  voltage  spacecraft 
will  expel  plasma  from  its  vicinity.  A  better  estimate  (refs.  2-4)  of 
the  collection  distance  is  provided  by  the  Child-Langmuir  length 

°CL  "  <*«0/9)1/2  n“1/2  M3M 

where  6  is  the  plasma  temperature  (eV),  4  the  surface  potential,  and 
n  the  plasma  density.  This  expression  is  derived  by  equating  the 
plasma  thermal  electron  current  to  the  current  collected  by  a  space- 
charge-limited  planer  diode  operating  at  the  surface  voltage,  and 
solving  for  the  plate  separation.  As  shown  in  Table  1,  this  distance 
can  easily  be  many  meters  for  a  kilovolt  bias.  It  follows  that  the 
"sheath  surface",  which  divides  the  high  voltage  region  from  relatively 
unperturbed  plasma,  will  not  be  within  a  few  Debye  lengths  of  the 
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spacecraft  surface  (thin  sheath  approximation),  nor  will  it  be  far 
distant  from  the  spacecraft  (orbit-limited  approximation),  but  it  will 
be  in  an  Intermediate  regime  such  that  the  full  spacecraft  geometry 
must  He  taken  into  account. 


TABLE  1. -TYPICAL  PLASMA  PARAMETERS  FOR  LEO  AND  GEO 


GEO 

(Typical) 

LEO 

(Low  Density) 

LEO 

(High  Density) 

Density  (m”3) 

10* 

10*0 

1012 

Temperature  (eV) 

103 

0.3 

0.1 

Debye  Length  (m) 

235 

0.04 

0.002 

Electron  Thermal  Current 
(A/m*) 

10* 

10-A 

10*2 

Ram  Ion  Current  (A/m2) 

5x10-10 

10-5 

10-3 

Ion  (0+)  Mach  Numbar 

0.04 

6.0 

10. 0 

Current  Coll act ion 

Orbit 

Space-Charge 

Space-Chsrge 

dcl 

Limited 

Limited 

22  m  at  1  kV 

Limited 

3  m  at  1  kV 

Currents  to  a  large  spacecraft  are  Indicated  schematically  in  fig¬ 
ure  1.  The  primary  current  to  the  negativo  surfaces  consists  of  ram 
ions,  while  the  positive  surfacas  collect  thermal  electrons.  As  the 
ram  ion  current  is  only  about  one-tenth  the  electron  thermal  current, 
the  spacecraft  will  float  about  90  percent  negative.  However,  for  high 
bias  the  ion  current  will  be  enhanced  by  ion-generated  secondary  elec¬ 
trons.  An  additional  source  current  to  negative  surfaces  is  charge 
blowoff  from  arc  discharges.  As  discussed  elsewhere  in  thi.i  volume 
(refs.  5-7) ,  discharges  on  solsr  arrays  have  been  observed  for  negative 
biases  as  low  as  ^250  V. 


Figure  1.  A  high-voltage  spacecraft  collects  ions 
and  electrons  from  s  plasma. 
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Positive  surfaces  attract  plasma  electrons,  and  the  resultant 
secondary  electrons  form  a  conductive  layer  over  the  surface,  as  dis¬ 
cussed  below.  Due  to  smoothing  of  voltage  gradients  provided  by  this 
effect,  positively  biased  array  surfaces  are  much  leas  likely  to  arc 
than  negatively  biased  surfaces. 

The  plasmu  currents  collected  by  array  surfaces  constitute  a  para¬ 
sitic  current  through  the  array.  The  effects  of  this  parasitic  current 
on  array  operation  were  discussed  at  the  1978  Spacecraft  Charging  Tech¬ 
nology  Conferonce  by  Domitz  and  Kolecki  (ref.  8).  As  shown  in  figure 
2s,  solar  cells  maintain  a  nearly  constant  voltage  up  to  a  maximum 
current.  When  this  current  is  exceeded  the  voltage  drops  sharply  to 
zero.  Clearly,  it  is  advantageous  to  operate  as  closely  as  possible  to 
the  solar  cell's  power  peak  (figure  2b).  Figure  3a  illustrates  that 
plasma  current  is  collected  in  a  distributed  fashion  over  the  array. 

The  parasitic  currsnt  at  any  point  of  the  array  is  the  Integral  of  the 
plasma  current  density.  Figure  3b  shows  a  case  in  which  a  relatively 
small  parasitic  current,  when  added  to  the  load  current,  shorts  out  the 
central  portion  of  the  a,. ray. 

THE  NASCAP/LEO  CODE 


NASCAP/LEO  is  being  developed  to  predict  self-consistently  surface 
potentials,  collected  currents,  and  spatial  electric  fields  for  high 
voltage  spacecraft  in  dense  plasmas.  While  much  of  the  code's  algo¬ 
rithmic  structure  is  adapted  from  the  widely  used  NASCAP  code  (ref.  9), 
NASCAP/LEO  also  contains  several  noteworthy  features  necessary  for 
modeling  the  Intended  physical  regimes. 


NASCAP/LEO  has  NASCAP-like  object  definition  routines.  Like 
NASCAP,  the  object  is  contained  in  s  primary  grid  (figure  4),  which 
may  be  surrounded  by  one  or  more  outer  grids  with  successively  doubled 
mesh  spacing.  Enhancements  include  the  ability  to  put  mirror  planes 
coincident  with  one  or  more  of  the  inner  grid  boundary  planes,  and  to 
Include  subdivided  regions  in  the  primary  grid  in  order  to  resolve 
small  but  Important  object  features. 


Space  charge,  which  is  typically  ignored  in  NASCAP,  is  treated  by 
NASCAP/LEO  as  a  local,  nonlinear  function  of  potential.  Presently  the 
function  is  taken  to  be 


P  -  -<VAd)2  [1  +  /Vf  (♦/.)*/*] 


-1 


A  particularly  important  enhancement  in  NASCAP/LEO  is  the  ability 
to  apply  either  potential  or  normal-electric-f laid  boundary  conditions 
to  each  surface  cell.  The  field  condition  is  used  for  cells  whose 
potential  is  governed  by  emission  of  low  energy  electrons  (see  below). 


To  calculate  plasma  currents,  NASCAP/LEO  defines  the  sheath  sur¬ 
face  as  a  specified  equipotentlal ,  and  tracks  representative  particles 
inward,  The  current  represented  by  each  particle  is  determined  taking 
into  account  ram  effects  as  well  as  the  local  plasms  density  and  tem- 

Jercture.  Care  is  taken  not  to  generate  sheath  particles  in  regions 
rom  which  plasma  is  excluded  by  high  fields  or  by  nearby  object  sur¬ 
faces.  Thus  NASCAP/LEO  determines  the  ion  and  electron  currents  to  an 
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Figure  2a.  Solar  call  voltage  veraue  current,  according  to 
Domltz  and  Koleckl  (ref.  8). 


CURRENT  imrs) 

Figure  2b.  Solar  cell  power  delivered  to  load  veraue 
current,  according  to  Domltz  and  Koleckl  (ref.  8). 
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Figure  3a.  Plaama  currant  density,  f(V),  to  a 
solar  array  (schematic) . 


Figure  3b.  Total  array  current  as  a  function  of  voltage 
(solid  line;  schematic),  conaists  of  load  cur¬ 
rent,  V0/Ri,  plus  parasitic  current.  For  this 
case,  a  substantial  part  of  the  array  will  be 
shorted  out. 
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Figure  4.  NASCAP/LEO  grid  structure,  showing  primary  grid  (shaded), 
outsr  grid,  and  locally  subdivided  regions. 

object,  as  well  as  the  distribution  of  current  over  the  object. 

ELECTRIC  FIELD  BOUNDARY  CONDITIONS 

For  electron  attracting  insulating  surfaces  dominated  by  secondary 
electron  emission,  NASCAP/LEO  sets  an  electric  field  boundary  condition 
such  that  the  incident  electron  currant  is  balanced  by  a  net  outflow  of 
secondaries  to  neighboring  surfaces.  The  derivation  of  electron  hop¬ 
ping  conductivity  has  bean  presented  elsewhere  (refs.  10-11),  but  we 
repeat  it  here  for  completeness,  then  proceed  to  derive  the  electric 
field  boundary  condition. 

Assume  a  surface  has  an  electron-attracting  (positive)  surface- 
normal  component  of  electric  field,  Ei ,  and  emits  a  low  energy  elec¬ 
tron  current  -J«(A/m2).  These  electrons  travel  in  parabolic  orbits, 
with  "flight  time",  T,  given  by 

x  -  2  [2m<e>/e  E2]1/2 

where  m  is  the  electron  mass  and  <e>  is  the  (appropriately  averaged) 
electron  energy.  These  electrons  form  a  charge  density  (coul/m2) 
given  by  -Jer.  This  surface  charge  layer  will  be  accelerated  by  any 
transverse  electric  field,  E|(,  to  a  mean  velocity  of  -e  E1|r/2m,  and  thus 
constitutes  a  surface  current,  K  (A/m)  given  by 

K  -  <-J,T2/2)(-e  E„/m)  »  4  J,  E„<e>/E2  -  o„  E(| 

The  last  relation  defines  the  transverse  conductivity,  o n  (ohms-*). 

To  derive  the  electric  field  boundary  condition,  we  further 
assume  that  the  emitted  current  is  proportional  to  the  incident  cur¬ 
rent,  Jin  • 


J 


e 


Y 


J 


in 
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Current  balance  requires  that 


Jin  -  V*(o„  E„)  . 

Since  the  previous  derivation  assumed  uniform  fields t  it  is  no  further 
approximation  to  remove  a n  from  the  divergence,  giving 

Jin  "  [4("Y  Jin>  <e>/Eil  <7*En>  • 

The  incident  current  cancels  from  the  above  equation,  which  may  then 
be  solved  for  the  desired  condition: 

Ejl  -  [-4  Y<e>  (7‘Eh)]1/2  . 

ILLUSTRATIVE  CALCULATIONS 

To  illustrate  the  type  of  information  obtainable  from  the  NASCAP/ 
LEO  code  we  present  results  from  three  previously  published  simulations 
of  laboratory  experiments.  For  more  details  we  refer  the  reader  to  the 
original  publications  (refs.  1,  2,  12). 

Early  NASCAP/LEO  calculations  were  restricted  to  potentials  about, 
and  current  collection  by,  surfaces  of  known  potential.  McCoy  and 
Konrad i  (ref.  3)  reported  at  the  1978  Spacecraft  Charging  Technology 
Conference  experiments  on  a  blasable  metal  strip,  about  10  meters  long, 
mounted  on  Insulating  plastic.  Figure  5  shows  sheath  trajectories  for 
cases  in  which  the  metal  strip  was  linearly  biased.  The  four  cases  are 
0-600  V,»  0-1200  V,  0-2400  V,  and  0-4800  V.  The  shape  of  the  sheath,  as 
indicated  by  the  plotted  trajectories,  is  in  agreement  with  observations 
by  low-light-level  television.  Also,  the  calculated  and  measured  cur¬ 
rents  are  in  good  agreement. 

NASCAP/LEO  was  later  improved  to  predict  the  spread  of  high 
voltages  onto  insulating  surfaces.  N.  John  Stevens  (ref.  13)  reported 
experiments  in  which  a  3.5  cm  diameter  biased  metal  disk  (figure  6) 
was  surrounded  by  either  grounded  metal  or  by  kapton,  and  the  collected 
current  was  measured.  For  the  "plain  disk"  case  (figure  7)  agreement 
wan  excellent.  The  Disk-on-Kapton  case  (figure  8)  is  far  more  diffi¬ 
cult,  as  the  kapton  enhances  collected  current  at  high  bias  voltage, 
and  suppresses  it  at  low  voltage.  While  the  simulation  reRults  were 
in  fair  agreement  at  high  bias,  both  for  collected  current  and  insula¬ 
tor  surface  voltage  (figure  9)  they  did  not  predict  the  low  voltage 
current  suppression.  This  was  because  the  charging  algorithm  at  the 
time  was  unable  to  predict  negative  charging  of  the  kapton  surfaces. 

A  similar  experiment  was  reported  by  S.  Gabriel  et  al .  (ref.  15), 
who  used  an  emissive  probe  to  measure  the  electrostatic  potential  in 
the  plasma  over  a  biased  "pinhole".  The  computer  model  (figure  10) 
made  use  of  the  NASCAP/LEO  subdivision  capability  to  get  good  spatial 
resolution  in  the  neighborhood  of  the  pinhole.  For  negative  bias 
(figure  11)  agreement  was  excellent.  Fairly  good  agreement  was  also 
obtained  for  positive  bias  (figure  12),  although  the  experiment  showed 
more  distinction  between  two  different  plasmas  than  the  calculations 
predicted.  Good  agreement  was  achieved  as  well  for  the  collected 
currents.  This  latter  calculation  showed  the  utility  of  the 


Figure  5.  Sheath  particle  trajectories  for  an  array  linearly  biased 
0-600  volts  (upper  left;  twice  scale);  0-1200  volts  (upper 
right);  0-2400  volts  (lower  left);  and  0-4800  volts  (lower 
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Figure  6.  Plain  disk  experiment  -  tecta  treatment  ot  external  poten¬ 
tials  and  currents;  disk-on-kapton  experiment  -  tests  treat* 
cent  of  Insulator  charging  (from  ref.  13). 
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Figure  7. 
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Current  collected  by  a  biased  disk  surrounded  by  grounded 
metal.  The  dashed  curve  is  a  prediction  by  a  two-dimensional 
particle-in-cell  code  (ref.  14) . 
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Figure  8.  Current  collected  by  a  biaaed  diak  aurrounded  by  kapton. 

For  high  bia*,  NASCAP/LEO  correctly  pradicta  current  en¬ 
hancement  (relative  to  the  plain  diak).  For  low  blea 
current  ia  auppreaaed  due  to  accumulation  of  negative 
charge  on  the  kapton.  At  the  time  of  the  calculation  the 
NASCAP/LEO  charging  algorithm  did  not  predict  negative 
floating  potential  for  inaulatora. 
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Potential 


Foe  high  bias,  NASCAP/LEO  !•  in  good  agreement  with 
experiment  (inaet)  concerning  tha  apread  of  high 
voltage  onto  tha  inaulator. 
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Figure  12.  Potentials  for  1.27  cm  diameter  pinhole. 

Solid  curves:  Calculation. 

Dashed  curves:  Experiment. 

Upper  curves:  n9  «  2.5  x  109  cm"3,  0  ■  5.3  eV. 
Lower  curves:  na  •  5.8  x  10H  cm"3,  0  *•  4.0  eV, 


subdivision  capability,  and  validated  our  electric  field  boundary  con¬ 
dition  model  for  the  secondary  electron  layer. 

FUTURE  DEVELOPMENT 

We  plan  to  develop  NASCAP/LEO  for  use  as  a  reliable  design  tool. 
Among  the  planned  improvements  are  prediction  of  spacecraft  floating 
potential,  treatment  of  sheath  Ionisation,  improved  ram-wake  model, 
generalisation  to  full  NASCAP  geometry,  and  self-consistent  power  sys¬ 
tem  representation.  Validation/ Improvement  cycles  will  continue  at 
each  stage,  aided  by  both  ground-based  and  apace-based  experiments. 
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THE  PIX-II  EXPERIMENT:  AN  OVERVIEW 
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The  second  Plasma  Interactions  Experiment  (Pix-ll)  was  launched  In  Janu- 
ary  1983  as  a  piggyback  on  the  second  stage  of  the  Delta  launch  vehicle  that 
carried  IRAS  Into  orbit.  Placed  In  a  870-km  circular  polar  orbit,  It  returned 
18  hr  of  data  on  the  plasma  current  collection  and  arcing  behavior  of  solar 
array  segments  biased  to  11000  V  In  steps.  The  four  500-cm2  solar  array 
segments  were  biased  singly  and  In  combinations,  in  addition  to  the  array 
segments  FIX- I I  carried  a  sun  sensor,  a  Langmuir  probe  to  measure  electron 
currents,  and  a  hot-wire  filament  electron  emitter  to  control  vehicle  poten¬ 
tial  during  positive  array  bias  sequences.  Like  Its  predecessor,  PIX-I, 

PIX-II  was  designed,  built,  and  tested  at  the  NASA  Lewis  Research  center. 

This  paper  provides  an  overview  of  the  PIX-II  experiment  from  program  and 
operational  perspectives. 


INTRODUCTION 

Most  U.S.  spacecraft  to  date  have  used  low- voltage  solar  arrays,  generat¬ 
ing  power  at  ~30  V.  The  highest  voltage  array  flown  by  NASA  was  on  Skylab, 
which  had  an  array  voltage  of  70  to  115  V  and  generated  16  kW  of  power.  Space 
stations  and  other  large  future  systems  will  require  Increasing  power  genera¬ 
tion  capability.  As  power  levels  Increase,  the  weight  and  I2R  power  loss 
penalties  for  maintaining  low  solar  array  voltages  Increase  dramatically 
(refs.  1  to  3).  Power  systems  generating  hundreds  of  kilowatts  are  required 
for  such  missions  as  the  space  station.  At  these  power  levels,  voltages  of  at 
least  a  few  hundred  volts  are  required  to  reduce  Internal  resistive  losses 
within  the  array  and  to  reduce  the  wiring  harness  mass  required  to  transport 
the  power.  This  need  to  operate  at  higher  voltages  has  spurred  evaluation  of 
high-voltage  solar  array  operation  In  space. 

Solar  array  systems  consist  of  strings  of  solar  cells  with  metallic  Inter¬ 
connects  between  them.  These  Interconnects  are  at  voltages  that  depend  on 
their  positions  In  the  array  circuit  and  are  usually  exposed  to  the  environ¬ 
ment.  When  these  systems  are  placed  In  orbit,  they  will  interact  with  the 
naturally  occurring  space  plasma.  Two  types  of  potentially  hazardous  Inter¬ 
actions  to  an  Isolated  solar  array  In  orbit  are  presently  recognized:  power 
loss  from  parasitic  currents  through  the  plasma,  and  arcing.  Both  of  these 
Interactions  are  plasma  density  dependent  and  present  greater  hazards  at 
higher  densities.  The  low  temperature  Ionospheric  plasma  has  a  peak  density 
(of  ~10"  particles/cm3)  at  about  300-km  altitude  (ref.  4).  High-voltage 
system  -  plasma  Interactions  will  therefore  be  most  severe  In  low  Earth  orbits. 

The  PIX-II  experiment  was  conducted  to  provide  flight  data  on  high-voltage 
solar  array  -  plasma  Interactions.  These  data  are  being  analyzed  to  calibrate 
ground  simulation  results  and  to  guide  and  validate  modeling  efforts.  This 
paper  presents  the  background,  describes  the  experiment,  and  summarizes  the 
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operational  sequences  that  characterize  the  data  set.  The  following  papers 
describe  some  results  ot  the  data  analysis. 

BACKGROUND 

Investigation  of  Interactions  between  high-voltage  systems  and  thermal 
plasmas  was  begun  In  the  late  1 960 ' s .  Experimental  work  using  small  segments 
of  solar  arrays  and  Insulated  electrodes  with  pinholes  Indicated  that  the 
presence  of  the  Insulators  caused  plasma  current  collection  phenomena  that 
departed  dramatically  from  the  predictions  of  Langmuir  probe  theory.  Experi¬ 
ments  indicated  greatly  enhanced  electron  collection  at  voltages  In  excess  of 
about  *150  V  and  arcing  on  solar  array  segments  biased  several  hundred  volts 
negative  with  respect  to  plasma  ground.  Concern  for  the  Implications  of  these 
results  for  high-voltage  systems  In  orbit  prompted  the  development  of  the 
SPHINX  (Space  Plasma  High  Voltage  Interactions  Experiment)  satellite  (ref.  5). 
SPHINX  was  launched  In  early  1974  but  failed  to  attain  orbit  due  to  a  launch 
vehicle  malfunction. 

After  the  loss  of  SPHINX,  the  attention  of  the  environmental  Interactions 
community  was  for  several  years  focused  on  Investigating  spacecraft  charging, 
an  Interaction  that  had  been  found  to  be  hazardous  for  geosynchronous  space¬ 
craft  and  was  Intensively  studied  by  NASA  and  the  Air  Force.  In  the  late 
1970's,  Interest  In  high-voltage  Interactions  again  Intensified,  and  their 
study  was  resumed  under  the  auspices  of  the  Joint  NASA/USAF  Environmental 
Interactions  Technology  Investigation  (ref.  6).  The  ground  technology  program 
utilizes  the  experimental  facilities  at  NASA  and  USAF  centers  and  builds  on 
the  modeling  capabilities  developed  during  the  spacecraft  charging  Investiga¬ 
tion,  as  well  as  using  the  earlier  high-voltage-study  results  (refs.  7  to  12). 
The  goal  Is  to  develop  guidelines  and  analytical  tools  to  guide  the  design  of 
large  high-voltage  systems  In  Earth  orbit.  The  approach  Is  to  perform  experi¬ 
ments  and  develop  models  In  an  Interactive  program  In  which  experimental 
results  are  used  both  to  guide  and  validate  the  models. 

The  ground  technology  programs  require  complementary  flight  experiment 
data  to  calibrate  the  ground-based  testing,  to  guide  and  validate  the  models, 
and  to  Investigate  experimental  conditions  not  obtainable  In  ground  facilities. 
The  first  such  data  were  obtained  by  the  £lasma  Interaction  e&perlment-I 
( PI X- I )  which  flew  In  March  1978  as  a  piggyback  on  a  second-stage  Delta  launch 
vehicle.  It  remained  with  the  Delta  stage,  operating  In  a  900-km  circular 
near-polar  orbit  for  4  hr.  About  2  hr  of  data  were  returned  by  real-time 
telemetry.  The  mission  time  was  limited  by  the  lifetime  of  the  second-stage 
Delta's  telemetry  battery;  data  return  was  limited  by  the  real-time  recovery 
requirement.  The  PIX-I  results  verified  that  the  electron  collection  enhance¬ 
ment  and  arcing  phenomena  observed  In  ground  tests  also  occur  In  space 
(ref.  13). 

THE  PIX-II  FXPERIMENT 
Objectives  and  Approach 

The  basic  objectives  of  the  PIX-II  experiment  were  to  acquire  flight  data 
for  use  In  calibrating  the  ground  simulation  facilities  and  In  developing  and 
validating  models.  Because  the  orbital  environment  cannot  he  duplicated  on 
the  ground,  flight  data  are  required  to  evaluate  the  effect  of  simulation 
Inadequacies  on  the  plasma  collection  and  arcing  response  of  solar  arrays.  Of 
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particular  concern  for  PIX-II  were  the  current  collection  and  arc  threshold 
behavior  of  array  segments  In  proximity  to  one  another. 


The  approach  chosen  was  to  divide  the  experimental  array  Into  four  Inde¬ 
pendently  blasable  segments,  each  of  area  about  500  cm2.  These  wera  biased 
In  a  preprogrammed  sequence  In  various  combinations,  In  voltage  steps  to 
tlOOO  V.  Currents  collected  by  each  of  the  array  segments  were  measured  by 
electrometers.  A  hot  wire  filament  electron  emitter  was  Included  to  avoid 
large  negative  potential  excursions  of  the  vehicle  during  high  positive  bias 
conditions  on  the  arrays.  A  spherical  Langmuir  probe  and  a  sun  sensor  were 
Included  to  provide  plasma  diagnostic  and  orientation  Information.  The  package 
was  designed  as  a  piggyback  experiment  to  remain  with  the  second  stage  of  a 
Delta  launch  vehicle. 


Experiment  System 

The  PIX-II  experiment  was  designed  and  built  at  Lewis.  The  design  was 
based  on  that  of  PIX-1,  with  a  number  of  changes  Incorporated  to  Improve  the 
quality  and  quantity  of  data  obtained. 

PIX-II  consisted  of  two  major  subassemblies:  the  electronics  enclosure 
box  and  the  experiment  plate.  These  were  located  180*  from  each  other  around 
the  Delta's  circumference  (fig.  1). 

The  experiment  plate  (fig.  2)  was  91.4  cm  (36  In)  In  diameter,  truncated 
to  81.3  cm  (32  In)  at  the  top  to  fit  the  launch  vehicle.  The  four-segment 
solar  array,  48.3  by  40.6  cm  (19  by  16  In),  was  located  on  the  front  center  of 
the  plate.  The  134*  acceptance  angle  sun  sensor  was  located  5.7  cm  (2.25  In) 
above  the  solar  array  and  7.0  cm  (2.75  In)  to  the  left  of  center. 

For  thermal  control  the  space-facing  side  of  the  experiment  plate,  except 
for  the  arrays,  was  covered  with  a  single  layer  of  2.5xl0“3  cm  (1  mil)  alu¬ 
minized  Kapton  coated  with  a  black  conductive  paint  (Sheldahl  G113600),  black 
side  out.  This  sheet  wa>  attached  to  the  plate  with  Kapton  tape  and  stainless 
steel  screws,  the  latter  providing  electrical  grounding  for  the  black  coating. 

The  solar  cells  used  on  the  PIX-II  program  were  flight-qualified  cells 
Identical  to  those  used  on  other  flight  programs.  The  cells  were  2-  by  2- cm 
silicon  solar  cells  0.03  cm  (0.012  In)  thick  with  a  bulk  resistivity  of 
10  ohm-cm.  The  coverslldes  were  type  7940  silica  0,05  cm  (0.020  In)  thick. 

The  cells  were  configured  In  segments,  each  consisting  of  19  series-connected 
submodules.  Each  submodule  consisted  of  six  parallel-connected  solar  cells. 
There  were  114  solar  cells  per  segment,  so  the  the  total  number  of  cells  flown 
was  456.  For  comparison,  24  cells  were  flown  on  PIX-I.  The  peak  power  capa¬ 
bility  of  the  solar  panel  was  25  W,  but  no  power  was  drawn  from  the  cells 
since  each  segment  was  shorted  from  one  end  to  the  other. 

Each  segment  was  mounted  on  a  fiberglass  sheet.  All  four  segments  were 
bonded  with  polyurethane  adhesive  to  a  0.013-cm  (5-mll)  thick,  40.6-  by 
53.3-cm  (16-  by  21 -In)  Kapton  sheet  to  achieve  good  electrical  Isolation.  The 
Kapton  sheet  was  bonded  with  polyurethane  adhesive  to  a  0.95-cm  (0.375~1n) 
thick  aluminum  substrate  of  the  same  dimensions  as  the  sheet.  This  assembly 
was  bolted  to  the  experiment  plate. 
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The  sun  sensor,  used  to  Indicate  the  test  array  orientation  relative  to 
the  sun  was  a  vertical  multifunction  solar  cell.  It  worked  Into  a  fixed 
resistor  to  provide  a  0-  to  4-V  signal  whenever  the  Sun  was  within  Its  134* 
field  of  view.  Its  location  on  the  experiment  plate  Is  shown  In  figure  2. 

The  electronics  enclosure  box  (fig.  3)  was  a  rectangular  structure  56.4 
by  54.6  by  30.5  cm  (23  by  21.5  by  12  In).  It  housed  the  experiment  electron¬ 
ics  and  battery  and  supported  the  deployable  Langmuir  probe  and  the  hot-wire 
filament  electron  emitter  probe.  The  outside  surfaces  of  the  box  were  covered 
with  a  multilayer  Insulation  (MU)  blanket  of  0.00254  cm  (1  mil)  aluminized 
Kapton.  The  outer-facing  layer  was  0.00254-cm  ( 1 -ml  1 )  aluminized  Kapton  cov¬ 
ered  with  an  electrically  conductive  black  coating  of  Sheldahl  6113600,  black 
side  out.  The  MU  blanket  and  black  coating  were  electrically  grounded  with 
straps  connected  to  the  structure. 

The  Interior  of  the  enclosure  box  consisted  of  three  stiffened  trays  of 
shelves  to  which  the  various  electronics  boxes  and  the  experiment  battery  were 
attached. 

The  high-voltage  power  supply  provided  a  programmable  voltage  to  the 
PIX-I1  solar  array  experiments  via  the  electrometer  package.  It  was  program¬ 
mable  to  provide  32  voltage  steps  from  0  to  1  kV.  It  accepted  24  to  32  V  dc 
Input  to  a  maximum  power  of  110  W  and  outputted  0-  to  1 -kV  positive  voltages 
at  80-mA  maximum  current  and  0-  to  1-kV  negative  voltages  at  4-mA  maximum 
current. 

The  PIX-II  electrometer  provided  four  Independent  channels,  one  for  each 
array  segment.  The  electrometer  floated  at  the  high-voltage  supply  potential 
and  measured  electron  currents  In  the  range  1  pA  to  80  mA  (positive  voltages) 
and  Ion  currents  of  0.01  pA  to  1.0  mA  (negative  voltages).  In  addition  to 
measuring  collected  plasma  currents,  the  electrometer  box  Incorporated  the 
high-voltage-array  switching  function. 

The  experiment  command  sequencer  and  data  multiplexer  unit  (SEQ/MUU) 
controlled  the  operational  configuration  of  the  experiment  while  collecting 
and  compiling  data  from  the  remaining  electronics  subsystems.  The  command 
sequencer  was  a  read- only-memory-based  controller  that  was  preprogrammed  to 
the  desired  flight  sequence  before  launch.  After  executing  the  preprogrammed 
sequence  (8  hr,  53  min,  20  s  after  turnon),  the  sequencer  cycled  to  the  start 
and  repeated  It.  The  data  multiplexor  collected  and  compiled  experiment  Infor¬ 
mation  and  formatted  It  Into  a  serial  stream  for  use  by  the  Oelta  transmitter. 
The  SEQ/MULT  box  also  housed  the  data  storage  unit,  a  solid-state  memory  that 
was  Included  to  ensure  full-orbit  data  coverage, 

The  power  control  unit  (PCU)  provided  power  conditioning,  control,  and 
distribution  for  PIX-II  and  Interfaced  to  the  Delta.  It  served  as  the  single¬ 
point  ground  reference  for  the  experiment  and  provided  power  returns  to  each 
component.  The  PCU  box  also  housed  the  electronics  associated  with  the  hot- 
filament  emitter. 

The  battery  provided  power  to  the  entire  flight  experiment.  It  contained 
18  silver-zinc  cells  rated  at  15-Ah  capacity  In  a  sealed  case. 

The  Langmuir  electronics  unit  operated  the  Langmuir  probe  to  provide  a 
measurement  of  plasma  density.  The  probe  voltage  could  vary  fiom  -20  to 
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♦110  V  In  steps,  and  currents  In  the  range  10  8  to  10'4  A  could  be  recorded. 

The  probe  voltage  stepped  through  Its  range  (In  5-  and  10-V  steps)  during 
probe  sweeps.  When  n^t  sweeping,  the  probe  voltage  was  held  at  +50  9.  The 
Langmuir  probe  was  located  on  one  side  of  the  electronics  enclosure  box 
(figs.  1  and  3).  It  was  stowed  during  launch  and  deployed  90*  to  the  side  of 
the  box  after  the  Delta  s  depletion  burn.  Overall  length  of  the  assembly  was 
71.1  cm  (28  In).  The  probe  Itself  was  a  1.9-cm  ( 3/4- In)  diameter  aluminum 
sphere. 

Like  the  Langmuir  probe  the  hot-filament  emitter  was  attached  to  the 
electronics  box  and  deployable  by  using  an  Identical  release  mechanism.  It 
deployed  90*  from  the  face  of  the  electronics  box  (approximately  radially  out¬ 
ward  from  the  Delta  vehicle).  The  filament's  purpose  was  to  emit  electrons  to 
neutralize  the  charge  collected  when  the  solar  arrays  were  at  high  positive 
bias  In  order  to  minimize  charging  of  the  Delta  vehicle  under  these  conditions. 

The  flight  hardware  underwent  thermal-vacuum,  vibration,  shock,  and  olasma 
testing  and  a  functional  electrical  checkout  before  launch. 

The  Flight 

PIX-I I  was  launched  with  IRAS  on  Delta  launch  166  on  January  25,  1983,  at 
9:17  p.m.  e.s.t.  (01-26-83,  03:17  G.m.t.).  PI X- 1 1  was  activated  at  03:20:20 
G.m.t.  on  January  26,  after  release  of  IRAS.  Its  orbit  was  870  km  circular, 
100°  Inclination.  PIX-I I  was  near  the  terminator  and  experienced  eclipse  con* 
dltlons  for  about  B  min  per  103-mln  orbit,  near  the  north  pole.  Experiment 
duration  was  limited  by  the  lifetime  of  the  Oelta  telemetry  battery  and  the 
experiment  battery.  Design  life  was  10  hr.  In  fact,  PIX-I I  returned  about 
18  hr  of  data  as  both  real-time  data  and  memory  dumps.  The  experiment  oper¬ 
ated  nominally  except  that  full  deployment  of  the  Langmuir  probe  was  uncertain. 
The  probe  was  released  from  Its  stewed  position,  but  the  signal  Indicating 
latching  Into  the  fully  deployed  position  was  not  received.  The  attitude  of 
the  Delta  vehicle  was  variable  since  there  was  no  active  attitude  control. 

Data  Obtained 

Figure  4  summarizes  the  PIX-II  experimental  arrangement  from  the  "science" 
point  of  view.  The  four  array  segments  were  biased  Independently  In  various 
combinations  to  il  kV  In  steps  and  the  collected  currents  measured  In  a  pre¬ 
programmed  sequence.  Langmuir  probe  sweeps  were  done  periodically  as  part  of 
the  sequence.  The  emitter  was  activated  during  most  positive-voltage  scans, 
although  some  were  done  with  the  emitter  off  to  evaluate  Its 
effectiveness,  Electron  currents  of  10'7  to  10"*  A  (positive  voltages)  and 
Ion  currents  of  10-8  to  10-3  A  (negative  voltages)  were  recorded. 

The  voltage  bias  levels  used  were  0,  ±30.  ±60,  ±95,  ±125,  ±190,  ±250, 

±350,  ±500,  ±700,  and  ±1000  V.  These  were  stepped  through  sequentially  (e.g., 
0,  +30,  +60,  etc.).  Each  voltage  was  held  for  16  s  for  most  voltage  scans, 
although  a  few  used  32- s  steps.  Currents  In  each  electrometer  were  read  at 
2-s  intervals. 

Table  I  summarizes  the  array  bias  scans  and  Langmuir  probe  operations 
conducted  during  one  full  program  sequence,  over  a  period  of  8  hr  53  min  20  s. 
Two  full  program  sequences  and  one  partial  sequence  were  completed  during  the 
flight.  For  clarity  of  presentation  the  array  segments  have  been  numbered  1 
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to  4,  from  left  to  right  In  the  view  depicted  In  figure  2.  The  first  column 
Identifies  which  segments  were  being  biased.  Segments  not  biased  In  a  given 
scan  were  electrically  floating.  Thus  an  entry  of  "I"  signifies  array  segment 
1  biased  and  segments  2,  3,  and  4  floating;  an  entry  of  "1  ♦  4"  signifies  seg¬ 
ments  1  and  4  biased  and  segments  2  and  3  floating,  and  so  forth.  The  entry 
"Gradient*  refers  to  a  special  mode  In  which  a  constant  1 00- V  bias  difference 
was  maintained  between  adjacent  array  segments  during  a  scan.  In  this  case 
Vi  >  V2  >  V3  >  V4  and  Vi  -  Vi  «  100  V,  (1,j)  -  (1,2)  or  (2,3)  or  (3,4),  where 
the  subscripts  refer  to  segment  numbers.  All  four  arrays  were  biased  in  the 
gradient  mode.  The  number  of  scans  during  which  the  hot-wire-filament  emitter 
was  activated  Is  a  subset  of  the  total  number  of  positive  scans,  so  a  table 
entry  of  "12  (10)"  signifies  12  positive  bias  scans  of  which  10  were  done  with 
the  emitter  on. 

Langmuir  probe  scans  were  done  during  the  sequence  at  1/2-  and  l-hr  inter¬ 
vals.  for  a  total  of  11  scans  In  the  full  sequence.  During  scans  the  voltage 
was  stepped  from  -20  V  to  +20  V  In  5-V  Increments  and  then  from  +20  V  to  +110  V 
In  10-V  Increments.  Each  voltage  up  to  SO  V  was  held  for  4  s;  the  60-V  level 
was  held  for  1  s;  and  the  remaining  voltages  for  2  s  each.  Current  was  meas¬ 
ured  at  1-s  Intervals.  The  array  segments  were  held  at  0  V  during  most  probe 
scans,  and  at  30  V  for  a  few.  When  the  probe  was  not  scanning,  It  was  held  at 
+50  V  and  Its  current  was  monitored  at  2-s  Intervals. 

At  high  negative  voltages  arcing  of  the  array  segments  was  anticipated. 

In  view  of  this  the  high-voltage  power  supply  was  shut  off  when  an  "overload" 
current  of  1  mA  of  Ions  was  reached.  The  original  design  Intended  the  power 
supply  to  recycle  back  to  voltage  In  2  s.  Last-minute  addition  of  a  capacitor 
resulted  In  the  system's  being  unable  to  recycle  properly  at  high  negative 
voltages.  Thus,  when  an  arc  resulted  In  shutdown  of  the  power  supply,  the 
supply  generally  could  not  recycle  until  the  beginning  of  the  next  voltage 
scan.  For  example,  If  an  arc  resulted  In  shutdown  at  -500  V  In  a  given  scan, 
no  data  were  obtained  at  -700  or  -1000  V  for  that  scan.  This  has  resulted  In 
some  loss  of  data  for  the  negative-voltage  scans. 

Data  Analysis 

Results  of  data  analysis  activities  to  date  are  summarized  In  papers  by 
Grier  (ref.  14),  Ferguson  (ref.  15),  and  Roche  and  Mandell  (ref.  16).  Inter¬ 
pretation  of  the  data  has  been  complicated  by  the  variable  and  uncertain  Delta 
attitude,  and  by  ram/wake  effects,  which  make  It  difficult  to  assess  local 
plasma  conditions  or  the  array. 

Data  analysis  efforts  to  date  have  focused  on  laboratory-flight  compari¬ 
sons  (ref.  14)  and  ram/wake  effects  (ref.  15).  Findings  Include  evidence  for 
a  tank  wall  effect  In  ground  testing;  less  effect  from  emitter  operation  In 
space  than  on  the  ground;  lower  than  expected  arc  threshold  voltages;  confir¬ 
mation  that  arc  threshold  depends  on  plasma  density;  and  the  strong  Influence 
of  ram/wake  effects. 

Comparing  the  flight  data  with  predictions  of  the  NASCAP/LEO  code 
(ref.  16)  Indicated  a  need  for  code  refinements.  Efforts  to  analyze  and 
Interpret  the  PIX-I I  data  and  to  compare  them  with  ground  test  results  and 
model  predictions  are  continuing. 


SUMMARY 


The  PIX- I I  experiment  was  conducted  to  provide  flight  data  on  the  Inter¬ 
actions  between  high-voltage  solar  arrays  and  space  plasmas.  Understanding 
these  Interactions  Is  critical  to  the  design  of  high-voltage  photovoltaic 
power  systems  for  low-Earth-orblt  applications,  flight  data  are  required  to 
calibrate  ground  simulations  and  to  guide  and  validate  Interaction  modeling 
efforts.  The  PIX-I  experiment  flown  In  1978  returned  data  that  established 
that  the  current  collection  and  arcing  phenomena  observed  In  ground  tests  do 
occur  In  orbit.  Like  Its  predecessor,  PIX-I I  was  designed,  built,  end  tested 
at  the  NASA  Lewis  Research  Center  and  flown  as  a  piggyback  on  a  second-stage 
Delta.  The  data  set  recovered  Is  far  more  extensive  than  that  from  PIX-I 
(18  hr  of  data  with  full  orbit  coverage  as  compared  with  1  hr  of  real-time 
data)  and  focused  on  the  crucial  solar  array  Interactions.  Analysis  and 
Interpretation  of  the  data  have  been  complicated  by  the  lack  of  well-defined 
attitude  Information  and  the  Influence  of  ram/wake  effects.  Several  signifi¬ 
cant  results  have  been  obtained.  These  Include  evidence  for  lower  arc  thresh¬ 
olds  In  space  than  are  observed  on  the  ground;  confirmation  of  the  arc  thresh¬ 
old  voltage  dependence  on  plasma  density;  and  evidence  for  tank  wall  effects 
at  high  positive  voltages.  Much  remains  to  be  done  to  evaluate  fully  the 
Information  contained  In  the  data  base  that  PIX-II‘s  successful  flight  has 
provided.  Data  analysis  and  Interpretation  are  continuing  along  several  lines. 
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TABLE  1.  -  PIX-1I  EXPERIMENT 
[One  full  program  sequence.) 


(a)  Array  bias  scans  (0  to  11000  V) 


Segment 

Number  of 
positive 
voltage  scans8 

Number  of 
negative 
voltage  scans 

1 

12  (10) 

8 

2 

9 

2+3 

8 

1+4 

9 

1+2+3 

8 

1 +2+3+4 

10 

Gradient 

3  (3) 

3 

(b) 

Langmuir  probe 

scans 

•  -20  to  +110  V  (11  par  saquanca) 

•  Held  at  +50  V  whan  not  scanning 


•Number  In  parantheses  denotes 
number  of  scans  during  which 
hot-wlre-fl lament  emitter  was 
activated. 
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The  Plasma  Interaction  Experiments  I  and  II  (PIX  I  and  II)  were  designed 
as  first  steps  toward  understanding  Interactions  between  high-voltage  solar 
arrays  and  the  surrounding  plasma.  PIX  II  consisted  of  an  approximately 
2000- cm2  array  divided  Into  four  equal  segments.  Each  of  the  segments  could 
be  biased  Independently  and  the  current  measured  separately.  PIX  II  was  tested 
In  the  laboratory  and  In  space. 

PIX  II  was  launched  on  January  25,  1983,  Into  a  nearly  circular  polar 
orbit  and  attained  an  altitude  of  approximately  900  km.  It  was  launched  as  a 
piggyback  experiment  on  the  IRAS  spacecraft  launch.  It  remained  with  the  Delta 
rocket  second  stage  and  used  the  Delta's  telemetry  system.  Approximately  18 
hr  of  data  were  received:  this  was  the  life  of  the  Delta's  telemetry  battery, 

In  addition  to  the  solar  array  segments,  PIX  II  had  a  hot-wire-filament 
electron  emitter  and  a  spherical  Langmuir  probe.  The  emitter  was  operated  when 
the  array  segments  were  biased  positively  above  125  V.  Thermal  electrons  from 
the  emitter  aided  In  balancing  the  electron  currents  collected  by  the  array. 

lhls  paper  presents  laboratory  and  flight  results  of  PIX  II.  At  high 
positive  voltages  on  the  solar  array  segments,  the  flight  currents  were  approx¬ 
imately  an  order  of  magnitude  larger  than  the  ground  test  currents.  This  Is 
attributed  to  the  tank  walls  In  the  laboratory  Interfering  with  the  electron 
currents  to  the  array  segments.  From  previous  tests  It  Is  known  that  the  tank 
walls  limit  the  electron  currents  at  high  voltages.  This  was  the  first  verifi¬ 
cation  of  the  extent  of  the  laboratory  "tank  effect*  on  the  plasma  coupling 
current. 


INTRODUCTION 

The  Plasma  Interaction  Experiments  (PIX  I  and  II)  are  part  of  a  broad 
Investigation  by  the  Lewis  Research  Center  to  develop  design  guidelines,  mate¬ 
rials,  devices,  and  test  methods  for  controlling  detrimental  Interactions 
between  high-voltage  systems  and  the  space  environment.  Systems  of  Interest 
Include  solar  arrays,  power  systems,  conductors  and  Insulators,  and  other 
exposed  components.  Surface-plasma  Interactions  Include  current  drains,  charge 
buildup  on  Insulators,  and  discharges  to  or  through  the  space  plasma. 

Future  satellites.  Including  space  stations,  will  require  operating  power 
from  tens  of  kilowatts  to  megawatts.  In  the  near  future  most,  If  not  all,  of 
this  power  will  be  generated  by  arrays  of  solar  cells.  To  keep  the  weight  of 
the  power  distribution  and  conditioning  components  to  a  minimum,  the  arrays 
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will  have  to  operate  at  much  higher  voltages  than  the  100  V  or  less  of  present 
arrays.  Previous  Investigations  (refs.  1  to  7)  have  shown  that  solar  arrays 
biased  at  voltages  greater  than  approximately  ISO  V  positive  and  operating  In 
a  plasma  like  that  of  the  lower  Ionosphere  attract  large  currents  of  electrons 
from  the  plasma  environment.  That  Is,  the  electron  currents  are  enhanced  at 
these  voltages.  These  electron  currents  are  balanced  by  Ion  currents  attracted 
to  other  portions  of  the  spacecraft  that  are  negative  with  respect  to  space 
potential.  Thus  circuits  are  created  through  the  plasma  for  parasitic  cur¬ 
rents.  Because  these  parasitic  currents  are  In  parallel  with  the  load  current, 
they  represent  power  losses. 


On  a  spacecraft  operating  with  a  negative-grounded,  high-voltage  solar 
array,  large  portions  of  the  spacecraft  surface  will  be  negative  with  respect 
to  space  plasma  potential.  This  Is  caused  by  the  difference  In  the  electron 
and  Ion  mobilities  and  the  requirement  that  electron  currents  to  the  spacecraft 
be  balanced  with  Ion  currents  (l.e.,  the  net  current  to  the  spacecraft  s.ust  be 
zero).  Even  though  there  will  be  surfaces  at  relatively  high  negative  volt¬ 
ages,  the  Ion  current  to  these  surfaces  will  be  low  and  therefore  will  not  be  a 

problem.  However,  there  are  other  adverse  effects.  On  laboratory  test  arrays 

biased  negatively  more  than  approximately  -250  V,  blowoff  arcing  discharges 
have  been  observed.  PIX  I  (ref.  1),  which  was  launched  In  March  1976,  verified 

that  both  the  current  enhancement  for  positive  bias  and  the  arcing  for  negative 

bias  occur  In  flight.  The  present  paper  presents  results  from  the  second 
plasma  Interaction  experiment  (PIX  11). 


The  objective  of  the  PIX  II  flight  experiment  was  to  obtain  flight  data  on 


plasma  -  so 
(2000  cm2) 
plasma  coup 


lar  array  Interaction  phenomena  by  using  a  much  larger  solar  array 
than  the  one  flown  on  PIX  I  (100  cm2).  These  Interactions  Include 
ling  currents  and  negative  bias  arcing.  The  data  obtained  can  also 
be  used  to  calibrate  ground  test  facilities.  The  experiment  consisted  of  four 
Identical  array  segments  of  about  S00  cm2  each.  Various  combinations  of  these 
segments  were  biased  over  a  range  of  voltages  from  -1  to  1  kV.  A  spherical 
Langmuir  probe  was  used  to  measure  local  plasma  densities.  As  expected,  a 
range  of  densities  was  encountered  during  each  orbit.  An  emitter  was  activated 
at  high  positive  voltages  to  prevent  the  whole  spacecraft  from  being  driven 
greatly  negative  by  the  large  electron  currents  collected  at  such  voltages. 

The  solar  arrays  were  voltage  biased  In  a  preprogrammed  step  sequence. 


The  PIX  11  flight  package  consisted  of  the  2000-cm2  solar  array  panel 
mounted  on  a  91 .4-cm-dlameter  plate  that  was  truncated  to  81.3  cm  on  one  side, 
an  electronics  enclosure  box  housing  all  of  the  electronics  hardware,  the  emit¬ 
ter,  and  the  spherical  Langmuir  probe.  On  the  Delta,  the  electronics  enclosure 
box  was  mounted  180*  around  the  perimeter  from  the  solar  array  panel. 


EXPERIMENT  AND  PROCEDURE 

The  experimental  setup  Is  shown  In  figure  1.  For  positive  bias  each 
electrometer  could  measure  currents  from  10“7  to  10~2  A;  for  negative  bias  the 
range  was  10~6  to  10~3  A.  The  power  supply  was  capable  of  an  output  of  80  mA 
at  1000  V  and  was  programmed  for  output  voltages  of  0,  ±30,  ±60,  ±95,  ±125, 
±190,  ±250,  ±350,  ±500,  ±700,  and  ±1000  V.  Even  though  the  solar  array  seg¬ 
ments  were  operated  Individually  and  In  combinations,  the  current  to  each  seg¬ 
ment  was  always  measured  Individually. 
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The  PIX  II  telemetry  systems  operated  In  real  time.  However,  full  real- 
time  telemetry  ground  coverage  was  not  possible  with  the  limited  number  of 
ground  receiving  stations  available,  so  PIX  II  was  given  the  capability  of 
storing  data  for  68  min.  After  68  min  from  PIX  II  turnon,  the  old  data  were 
overwritten  continuously  at  a  rate  of  64  bits/sec.  The  stored  data  were  also 
read  continuously  at  a  rate  of  512  bits/sec.  Both  the  stored  and  the  real-time 
data  were  transmitted  continuously.  With  this  system,  almost  full  orbit  cover¬ 
age  of  PIX  II  data  was  possible.  As  a  precaution  against  a  failure  of  the 
data  storage  unit,  the  sequence  was  preprogrammed  to  sweep  each  of  the  solar 
array  segments  at  least  once  positive  and  once  negative  In  view  of  a  ground 
telemetry-receiving  station. 

The  emitter  was  a  loop  of  0.025-cm~d1ameter  tungsten  wire  connected  at  one 
end  to  spacecraft  ground.  It  was  activated  for  positively  biased  solar  array 
voltages  greater  than  125  V.  To  see  the  effect  of  the  emitter  on  the  results, 
some  voltage  cycles  were  operated  with  the  emitter  off.  The  emitter  was  mount¬ 
ed  such  that,  when  deployed,  It  extended  71  cm  on  a  boom  fastened  along  an 
edge  and  perpendicular  to  the  face  of  the  electronics  enclosure  box  (fig.  2). 
The  emitter  operated  with  no  accelerating  grid  as  a  passive  thermonlc  emitter 
of  electrons.  The  positive  potential  of  the  plasma  relative  to  the  spacecraft 
served  to  draw  the  electrons  from  the  spacecraft. 

The  Langmi'lr  probe  was  used  to  determine  ambient  plasma  densities.  The 
probe,  a  1 .9-cm-dlameter  aluminum  sphere,  was  deployed  on  a  71-cm  boom.  It 
was  mounted  on  an  edge  of  the  enclosure  box  such  that  when  deployed  It  was 
tangent  to  the  Delta  (fig.  2).  (The  emitter  extended  radially  outward  from  the 
Delta  from  an  edge  of  the  enclosure  box  far  from  the  Langmuir  probe.)  During 
a  Langmuir  scan  the  probe's  voltage  was  stepped  from  -20  to  110  V.  The  voltage 
was  stepped  In  5-V  Increments  from  -20  to  20  V  and  In  10-V  Increments  from  20 
to  110  V.  When  not  being  scanned,  the  Langmuir  probe  was  held  at  $0  V  and  Its 
collection  current  monitored. 


GROUND  TESTS 

The  complete  flight  package  was  ground  tested  In  a  plasma  environment 
before  the  flight  (fig.  3).  The  tests  were  performed  In  a  9-m-long  by  4-m- 
dlameter  vacuum  chamber.  The  solar  panel  and  the  electronics  enclosure  box 
were  mounted  back  to  back  In  the  center  of  the  chamber  perpendicular  to  Its 
centerline.  Tho  solar  panel  faced  opposite  to  the  deployed  emitter  probe. 
The  plasma  was  generated  by  four  plasma  sources:  two  mounted  at  least  2.2  m 
from  the  solar  array  and  two  mounted  at  least  2.3  m  from  the  electronics 
enclosure  box. 


RESULTS  AND  DISCUSSION 

All  activities  on  PIX  II  were  preprogrammed  to  occur  at  particular  program 
counts  In  a  sequence.  Each  program  count  was  held  for  16  sec.  The  program 
count  timer  was  activated  at  PIX  II  turnon.  After  program  count  2047  (9  hr, 

5  rain,  52  sec)  the  sequence  returned  or  "rolled  over"  to  program  count  0  and 
the  sequence  was  repeated.  Data  were  obtained  on  PIX  II  until  program  count 
248  after  the  second  rollover.  There  were  tome  gaps  in  the  data  after  the 
first  rollover  because  of  less  ground  coverage  than  earlier  orbit  passes. 
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Langmuir  Probe 


Typical  Langmuir  probe  current-voltage  curves  are  shown  In  figure  4.  The 
program  counts  shown  on  the  figure  are  for  the  beginning  of  each  sweep.  Each 
voltage  step  between  >20  and  50  V  was  held  for  4  sec,  the  60-V  level  was  held 
for  1  sec,  and  all  others  were  held  for  2  sec  each.  The  maximum  current  the 
Langmuir  electrometer  could  measure  was  1x10“*  A.  This  limit  caused  the 
leveling  off  of  the  current  shown  for  program  count  1343  In  figure  4. 

The  electron  plasma  densities  were  determined  from  the  electron  saturation 
region  of  the  curve  (fig.  5).  As  expected,  the  current  varied  quite  linearly 
with  voltage  above  30  V.  This  behavior  was  typical  of  all  of  the  Langmuir 
sweeps . 

In  the  saturation  region  of  the  spherical  Langmuir  probe  characteristic, 
the  equation  for  the  current  (ref.  8)  Is 

1  • (sS)  (’  *  5t)  <’> 

where  V  1$  the  voltage  measured  with  respect  to  the  plasma  potential,  e  the 
electronic  charge,  k  Boltzmanns 's  constant,  m  the  mass  of  the  electron,  T 
the  temperature,  and  A  the  area  of  the  probe.  Taking  the  derivative  with 
respect  to  voltage  allows  the  density  to  be  written  In  terms  of  the  slope  as 

n  .  LhBklL-l  il  (2) 
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where  dl/dV  Is  the  slope.  The  electron  saturation  region  data  for  each  scan 
of  the  PIX  II  probe  were  plotted  as  In  figure  5  and  the  slopes  determined 
graphically.  Twenty-three  Langmuir  scans  were  made  during  the  life  of  PIX  II. 

To  find  the  density  at  times  when  the  Langmuir  probe  was  not  being  scan¬ 
ned,  the  Langmuir  probe  current  at  a  voltage  of  50  V  and  the  density  at  program 
count  878  went  used  as  references.  It  was  assumed  that  the  Langmuir  probe 
current  at  50  V  varied  In  proportion  to  the  density.  The  density  at  any  pro¬ 
gram  count  was  found  from 


n  -  I  (n/I>pc87e,50y 

where  n  and  I  are  the  density  and  Langmuir  probe  current  at  50  V,  respec¬ 
tively.  In  using  this  equation,  care  was  exercised  that  the  spacecraft  ground 
voltage  remained  constant.  This  was  achieved  by  limiting  the  use  of  this 
equation  to  program  counts  whore  the  applied  voltage  to  the  solar  array  was 
less  than  60  V.  It  was  felt  that  voltages  In  this  range  were  low  enough  that 
the  currents  collected  by  all  of  the  exposed  grounded  metallic  surfaces  on  the 
Delta  would  be  enough  to  balance  the  currents  collected  by  the  solar  array 
without  driving  the  Delta's  ground  potential  negative.  This  method  was  used 
to  estimate  the  ambient  plasma  densities  for  the  flight  results  presented 
herein. 
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Plasm*  density  varied  as  much  as  two  orders  of  magnitude  during  an  orbit 
(fig.  6).  Revolution  8  (fig.  6(b))  had  the  most  uniform  density.  Even  here 
the  variation  was  more  than  an  order  of  magnitude.  Although  large  variations 
over  the  poles  were  expected,  the  density  elsewhere  was  expected  to  be  more 
uniform.  Some  of  the  nonuniformity  was  caused  by  the  Langmuir  probe  being  in 
the  ram  or  wake  of  the  Delta,  as  shown  In  reference  9. 


Emitter  Operation 

The  emitter  was  operated  for  positive  biases  of  125  V  and  higher  on  the 
solar  array  segments.  Since  there  were  no  accelerating  grids  on  the  emitter, 

It  emitted  elect1,  is  only  when  the  spacecraft  ground  potential  became  negative 
with  respect  to  p.asma  potential. 

The  emitter  operation  was  first  tested  In  the  laboratory.  The  Pix  II 
flight  package  was  mounted  so  as  to  float  electrically  In  the  vacuum  chamber. 

As  In  flight  the  PIX  II  was  operated  In  a  plasma  environment.  The  «m1tter-on 
currents  (fig.  7(a))  were  approximately  an  order  of  magnitude  larger  than  those 
for  emitter-off  operation.  The  results  shown  for  the  emitter-on  operations 
compare  very  closely  to  those  obtained  when  the  PIX  II  structure  was  grounded 
to  the  tank  walls.  From  this  It  was  concluded  that  the  emitter  kept  the  PIX  II 
flight  package  near  tank  ground  potential. 

In  flight  (fig.  7(b))  the  emitter-on  current  was  approximately  five  to 
six  times  larger  than  the  emitter-off  current.  This  difference  Is  smaller 
than  that  observed  In  laboratory  tests,  In  flight  the  solar  array  segments 
were  operated  at  different  times  In  different  locations.  Thus  the  smaller 
effect  observed  In  flight  as  compared  with  ground  tests  may  have  been  caused 
by  the  difference  In  the  densities  during  operation  of  the  segments. 

The  Langmuir  probe  current  was  very  sensitive  to  emitter  operation  both 
In  the  laboratory  and  In  flight  (fig.  8).  The  voltage  on  the  Langmuir  probe 
was  50  V.  With  the  emitter  off,  the  Langmuir  probe  collected  Ions  with  a  bias 
of  200  V  or  greater  on  the  solar  array  In  the  laboratory  tests  and  350  V  or 
greater  In  flight.  This  Implies  that  the'  spacecraft  floated  at  least  50  V 
negative  In  this  voltage  range.  Even  with  the  emitter  on,  the  Langmuir  probe 
dropped  about  an  order  of  magnitude  when  the  voltage  on  the  array  was  increased 
to  1000  V. 

For  the  emitter  to  operate  properly,  the  spacecraft  must  float  negatively 
with  respect  to  plasma  ground.  The  floating  potential  (fig.  9)  was  found  from 
the  following  procedure: 

(1)  The  Langmuir  probe  current-voltage  characteristic  curve  was  deter¬ 
mined  with  the  solar  array  segments  at  zero  voltage. 

(2)  The  corresponding  voltage  was  found  by  using  the  Langmuir  probe 
current  reading  whon  the  solar  array  segments  were  at  the  applied  voltage  and 
the  Langmuir  probe  current-voltage  characteristic  curve  from  step  1. 

(3)  This  voltage  minus  50  V  was  assumed  to  be  the  floating  potential. 
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The  floating  potential  Is  a  function  of  the  ambient  density  and  the 
applied  voltage  to  the  solar  array  segments.  Since  each  set  of  segments  was 
operated  In  different  parts  of  the  flight,  each  had  a  different  density  envi¬ 
ronment.  The  sets  of  segments  therefore  could  not  be  compared  directly.  How¬ 
ever,  the  trend  Is  obvious  from  figure  9,  namely,  higher  positive  solar  array 
voltages  produce  higher  negative  floating  potentials  on  the  spacecraft.  In 
general,  the  floating  potential  Increased  almost  linearly  with  applied  solar 
array  voltage  after  snapover. 


Solar  Array  Positively  Biased 

Since  the  laboratory  and  flight  plasmas  for  solar  array  segments  posi¬ 
tively  biased  to  1000  V  had  different  densities  and  temperatures,  corrections 
were  made  to  the  flight  results  for  direct  comparison  with  the  laboratory 
results  (fig.  10).  If  we  assume  that  the  currents  to  the  solar  array  segments 
vary  linearly  with  V,  eV/kT  »  1,  and  If  Iq,  Tq,  and  ng  are  known  current, 
electron  temperature,  and  density,  respectively,  at  one  plasma  condition,  the 
current  I  at  any  other  temperature  T  and  density  n  can  be  found  by  using 
the  spherical  probe  equation  (1). 


Equation  (4)  was  used  to  compute  the  flight  values  In  figure  10  by  using  the 
laboratory  values  of  kT  *  1.8  eV,  n  »  3.4xl03  cm-3,  and  flight  values  of 
no  »  3.0xl03<JkT  for  solar  array  segments  2  and  3  and  ng  -  5 . 5x1 03  ykTo 
for  solar  array  segments  1  to  4.  The  ng  Is  the  flight  result  determined  from 
the  Langmuir  probe  readings.  So  the  two  flight  curves  in  figure  10  are  the 
values  the  flight  data  would  have  had  If  the  flight  ratio  r\/JTT  had  had  Its 
laboratory  value.  T 

In  figure  10  It  appears  that  the  laboratory  currents  are  truncated  above 
200  V.  This  Is  caused  by  the  tank  wall  Interfering  with  the  current  collec¬ 
tion.  The  calculated  sheath  at  a  voltage  of  200  V  at  these  plasma  conditions 
extends  approximately  1.6  m  from  the  solar  array.  This  Is  beyond  the  tank 
wall.  Thus  this  verifies  the  hypothesis  that  sheath-wall  Interactions  occur 
during  laboratory  tests  at  high  voltages  and  limit  the  current  collection. 

The  flight  data  for  solar  array  segments  2  and  3  (fig.  10)  show  that 
current  Increased  slightly  less  than  linearly  with  voltage  for  voltages  greater 
than  approximately  350  V.  This  was  as  expected  since  for  an  Infinite  flat 
plate  the  current  would  be  a  constant  and  for  a  plane  small  compared  with  the 
Oebve  length  It  would  vary  linearly.  This  array  was  between  these  sizes.  Tiu 
current  for  all  four  segments  varied  even  more  slowly.  This  Is  also  In  agree¬ 
ment  with  rough  expectations. 

Another  set  of  curves  for  the  total  current  collected  by  one,  two,  and 
four  array  segments  (fig.  11)  also  shows  that  the  current  Increased  almost 
linearly  with  voltage  above  about  350  V.  It  Is  tempting  to  compute  an  area 
effect  from  this  figure.  However,  It  Is  not  known  whether  the  array  was  In 
the  ram,  the  wake,  or  neither  when  each  of  these  sets  of  array  segments  was 
activated.  Also  It  Is  not  known  whether  the  ambient  densities  were  the  same 
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during  these  times.  The  density  can  vary  by  over  two  orders  of  magnitude  over 
an  orbit  (fig.  6).  These  facts  prevent  a  definite  determination  of  the  area 
effect. 


Solar  Array  Negatively  Biased 

The  maximum  total  steady  current  measured  for  negative  biases  on  any  of 
the  sets  cf  array  segments  was  approximately  5  pA.  This  level  of  current  does 
not  pose  a  problem  for  operation  of  high-voltage  solar  arrays  In  space.  The 
problem  associated  with  negative  bias  Is  thp  probability  of  arcing.  During 
arcing,  there  are  high  surges  of  current  through  the  array.  These  surges  reach 
levels  of  mllllamperes  and  higher.  In  both  ground  and  flight  tests,  once 
arcing  begins,  It  continues  through  the  higher  (more  negative)  voltage  levels. 
In  fact,  the  arcing  becomes  more  frequent  and  Intense  at  the  higher  voltage 
levels. 

Most  of  the  arcs  were  initiated  between  -500  and  -1000  V  (table  I).  There 
was  one  Initiation  at  -255  V.  On  closely  examining  the  data,  It  was  noticed 
that  the  arcing  Inception  voltage  tended  to  Increase  with  time.  That  Is,  fewer 
arcs  occurred  at  -350  and  -500  V  near  the  end  of  PIX  II  life.  Out  of  the  106 
times  the  segments  were  activated  negatively,  the  solar  array  segments  reached 
-1000  V,  without  arcing,  12  times. 


SUMMARY 

PIX  II  consisted  of  four  500-cm2  solar  array  segments,  a  spherical 
Langmuir  probe,  an  emitter,  and  associated  electronics.  The  Langmuir  probe 
data  Indicated  densities  that  varied  over  two  orders  of  magnitude  over  an  orbit 
and  large  differences  from  orbit  to  orbit.  Some  of  these  density  variations 
are  thought  to  be  attributable  to  the  Langmuir  probe  being  In  the  ram  or  wake 
of  the  spacecraft.  Since  the  attitude  of  the  spacecraft  was  not  known,  separa¬ 
tion  of  the  ram/wake  effect  from  the  ambient  density  variation  Is  very  complex 
and  has  not  been  attempted  In  this  work. 

Spherical  probe  theory  fitted  the  Langmuir  probe  data  very  well.  This 
suggests  that  the  densities  determined  from  the  Langmuir  probe  were  the  actual 
densities  surrounding  the  probe.  However,  the  solar  array  segments  were 
mounted  on  the  opposite  side  of  the  Oelta  from  the  Langmuir  probe.  So  the 
densities  surrounding  the  solar  array  were  not  necessarily  those  of  the  probe. 

Different  combinations  of  the  solar  array  segments  were  activated  by  using 
a  preprogrammed  sequence  throughout  the  life  of  PIX  II.  The  sequence  was 
chosen  to  maximize  the  Information  received  by  the  limited  real-time  ground 
coverage  In  case  the  data  storage/playback  unit  failed  to  operate.  As  It 
turned  out,  all  units  on  PIX  II  operated  as  designed  and  data  were  obtained 
through  program  count  247  after  two  rollovers  of  the  sequencer  (two  full  and 
one  partial  sequence,  approximately  19  hr). 

For  positive  bias  on  the  solar  array  segments,  the  data  showed  current 
enhancement  for  voltages  greater  than  approximately  200  V.  This  current 
enhancement  was  larger  than  that  predicted  by  ground  tests.  The  difference  Is 
attributed  to  suppression  In  the  ground  test  currents  by  the  Interaction  of  the 
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sheath  with  the  walls  of  the  vacuum  chamber.  Suppression  In  the  ground  test 
currents  was  observed  for  all  of  the  solar  array  segments  whether  run  singly 
or  In  combinations.  This  Implies  that  only  relatively  small  solar  arrays  can 
be  completely  plasma  tested  In  present  ground  facilities. 

for  negative  bias  on  the  solar  array  segments,  arcing  occurred.  In  both 
ground  and  flight  tests  the  current  sometimes  Increased  fn/.n  microamperes  to 
mllllamperes  and  higher  during  arcing.  In  flight,  arcing  was  observed  for 
voltages  as  low  as  -255  V.  The  arcing  Inception  voltages  tended  to  Increase 
negatively  with  time.  There  were  fewer  arcs  observed  at  -500  V  and  lower  near 
the  end  of  PIX  II  life  than  In  the  beginning.  This  suggests  that  precondition¬ 
ing  high-voltage  solar  arrays  by  operating  them  at  high  negative  voltages  In  a 
plasma  environment  on  the  ground  may  help  to  drive  the  arc  Inception  voltage  In 
flight  more  negative. 

The  emitter  was  a  passive  hot-wire  filament  and  was  activated  for  positive 
biases  on  the  solar  arrays  of  125  V  or  greater  during  part  of  the  experiment 
sequence.  This  was  necessary  since  the  second  stage  of  the  Delta  had  very 
little  exposed  bare  metal  surface  to  collect  Ions  for  balancing  the  electrons 
collected  by  the  array.  The  largest  negative  potential  observed  on  PIX  II 
with  the  emitter  operating  was  approximately  -50  V,  as  compared  with  voltages 
greater  than  -200  V  without  the  emitter.  Thus  the  emitter  was  able  to  keep 
the  spacecraft  within  reasonable  proximity  of  the  space  plasma  ground. 


CONCLUSIONS 

Four  500-cm2  solar  array  panel  segments  were  biased  positively  and  nega¬ 
tively  In  steps  to  11000  V  on  a  spacecraft  In  a  polar  orbit  at  an  altitude  of 
approximately  900  km.  Various  combinations  of  the  four  array  segments  were 
activated  during  the  flight.  At  each  voltage  level  the  current  collected  by 
each  solar  array  segment  was  measured.  When  the  array  was  biased  positively  to 
125  V  or  higher,  an  electron  emitter  was  activated  to  aid  In  keeping  the  space¬ 
craft  near  plasma  potential.  A  spherical  Langmuir  probe  was  used  to  determine 
the  plasma  density  throughout  the  flight. 

The  following  conclusions  were  drawn  from  the  data  for  positive  bias  on 
the  array  segments: 

1.  Even  the  large  laboratory  plasma  simulation  facilities  at  Lewis  are 
too  small  to  correctly  estimate  the  plasma  coupling  current  at  high  positive 
voltages  to  solar  arrays  that  are  2000  cm2  or  larger  In  area. 

2.  If  the  negative  terminal  of  a  spacecraft  array  Is  connected  to  space¬ 
craft  ground,  the  spacecraft  will  float  far  negatively  with  respect  to  space 
plasma  potential  If  large  bare  metallic  areas  are  not  provided  for  Ion  current 
collection,  which  Is  necessary  to  balance  the  electron  current  collected  by 
the  solar  array. 

3.  The  plasma  coupling  current  may  vary  over  an  order  of  magnitude 
between  ram  and  wake  conditions. 


The  following  conclusions  were  drawn  for  negative  bias  on  the  array 
segments: 

1.  Arcing  Is  the  most  serious  detrimental  effect, 

2.  The  arcing  Inception  voltage  may  be  as  low  as  -255  V  on  convention¬ 
ally  constructed  solar  arrays. 

3.  Arcing  may  occur  at  densities  as  low  as  103  electrons/cm3. 
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(Arcing  occurred  «t  -350  V  with  densities  of  103/em3.  Arcing  Inception 
voltage  tended  to  Increase  with  time,] 
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RAM/WAKE,  EFFECTS  ON  PLASMA  CURRENT  COLLECTION  OF  THE  PIX  II  LANGMUIR  PROBE 


Dale  C.  Ferguson 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  441 35 


Oata  returned  from  the  NASA  PIX  II  flight  of  January  1963  were  analyzed 
and  the  results  are  presented  herein.  The  PIX  II  experiment  carried  a  Langmuir 
probe,  an  electron  emitter,  blasable  solar  array  segments,  a  Sun  sensor,  tem¬ 
perature  sensors,  and  other  Instruments.  Its  approximately  900-km  polar  orbit 
allowed  measurements  of  the  currents  collected  from  the  magnetospherlc  plasma 
In  polar  and  equatorial  regions. 

PIX  II  Langmuir  probe  readings  of  the  same  polar  magnetospherlc  regions 
taken  on  consecutive  orbits  showed  occasional  apparent  densities  as  much  as  10 
times  lower  than  the  average,  although  each  pass  clearly  showed  density  struc¬ 
tures  related  to  the  day/night  boundary.  At  other  points  In  the  orbit, 

Langmuir  probe  currents  varied  by  as  much  as  a  factor  of  20  on  a  time  scale  of 
minutes. 

The  hypothesis  Is  advanced  that  these  apparent  Inconsistencies  In  Langmuir 
probe  current  are  the  results  of  the  probe's  orientation  relative  to  the  body 
of  tho  spacecraft  and  the  velocity  vector.  Theoretical  studies  predict  a  pos¬ 
sible  depletion  In  collected  electron  current  by  a  factor  of  100  In  the  wake  of 
an  orbiting  spacecraft  of  the  velocity  and  dimensions  of  the  PIX  II  Oelta  upper 
stage.  Experimental  results  from  other  spacecraft  Indicate  that  a  wake  elec¬ 
tron  depletion  by  a  factor  of  10  or  so  Is  realistic.  This  amount  of  depletion 
Is  consistent  with  the  PIX  II  data  If  the  spacecraft  was  rotating.  Both  the 
Sun  sensor  and  temperature  sensor  data  on  PIX  II  show  a  complex  variation  con¬ 
sistent  with  rotation  of  the  Langmuir  probe  Into  and  out  of  the  spacecraft 
wake  on  a  time  scale  of  minutes.  Furthermore,  Langmuir  probe  data  taken  when 
the  Sun  sensor  Indicated  that  the  probe  was  not  In  the  spacecraft  wake  are 
consistent  from  orbit  to  orbit.  This  supports  the  Interpretation  that  ram/wake 
effects  may  be  the  source  of  apparent  discrepancies  at  other  orientations. 

Analyses  of  variations  In  the  Sun  sensor  and  temperature  sensor  data  are 
In  progress  that  In  combination  with  limited  Information  obtainable  about  the 
spacecraft  orientation  may  allow  the  attitude  to  be  modeled  to  determine  the 
ram/wake  orientation  at  any  time.  Empirical  corrections  can  then  be  made  to 
the  Langmuir  probe  data  and  to  the  solar  array  plasma  current  collection  data. 
The  amount  of  the  corrections  and  the  corrected  data  themselves  contribute  to 
our  knowledge  of  the  electrical  Interaction  of  spacecraft  with  tho  orbital 
environment. 


IN1RO0UCT ION 

The  pix  11  satellite  was  launched  Into  a  polar  orbit  on  January  25,  1983, 
to  Investigate  Interactions  between  high-voltage  solar  arrays  and  the  orbital 
plasma  environment.  During  analysis  of  the  PIX  II  data  It  has  become  evident 
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that  the  plasma  density  as  Indicated  by  currents  collected  by  the  PIX  II 
Langmuir  probe  varied  In  a  way  Inconsistent  with  real  ambient  plasma  density 
variations.  In  this  paper  the  nature  of  the  problem  Is  discussed,  and  the  hy¬ 
pothesis  Is  presented  that  the  currents  measured  while  the  Langmuir  probe  was 
In  the  spacecraft  wake  were  much  smaller  than  would  be  measured  by  a  probe  out¬ 
side  the  wake.  The  amount  and  kind  of  corrections  that  must  be  applied  to  the 
readings  to  derive  true  plasma  densities  from  straightforward  probe  theory  pro¬ 
vide  Information  about  large  spacecraft  wakes. 


THE  NATURE  OF  THE  PROBLEM 

The  current  collected  by  a  spherical  probe  of  radius  r  and  positive 
voltage  V  In  a  plasma  of  electron  number  density  nt  and  temperature  T 
Is,  according  to  probe  theory  (ref.  1), 


for  a  probe  whose  radius  Is  small  compared  with  the  plasma  sheath.  Here  k 
Is  Boltzmann's  constant,  e  Is  the  electron  charge,  and  m.  Is  the  electron 
mass.  The  Langmuir  probe  on  the  PIX  II  satellite  was  about  1  cm  In  radius  and 
nominally  extended  about  0.6  hi  from  the  spacecraft  on  a  boom.  At  the  nominal 
900-km  PIX  II  orbital  altitude  arid  SO-V  applied  potential,  the  Langmuir  probe 
was  In  the  thick  sheath  limit  and  Ve  »  kT,  so  that 

I  « n/yr 

If  the  Influence  of  the  spacecraft  can  be  neglected, 

There  are  Indications  that  for  the  PIX  II  Langmuir  probe,  the  Influence 
of  the  spacecraft  cannot  be  neglected.  Being  In  a  polar  orbit,  PIX  II  tra¬ 
versed  regions  near  the  north  and  south  poles  where  consecutive  orbital  paths 
Intersected  as  seen  from  the  rotating  Earth.  Figure  1  shows  the  orbital  paths 
near  the  north  geomagnetic  pole  for  several  orbits.  The  convention  used  here 
for  orbit  numbering  Is  that  orbit  1  begins  at  the  first  south  polar  passage 
after  launch,  Thus  orbit  2  begins  at  approximately  program  count  267.  Each 
orbit  Is  about  364  16-sec  program  counts  long.  In  the  conference  paper  by 
N.  T.  Grier  the  start  of  revolution  1  coincides  with  the  Langmuir  probe  deploy¬ 
ment  at  program  count  116.  Thus  orbit  1  here  starts  233  program  counts  before 
revolution  1  of  Grier.  Figure  2  shows  the  PIX  II  Langmuir  probe  current  read¬ 
ings  for  the  two  consecutive  orbits  near  the  north  pole  labeled  orbits  2  and  3 
In  figure  1.  Although  the  behaviors  of  the  current  with  time  before  and  after 
the  nlght/day  crossing  were  similar  for  the  two  orbits,  the  absolute  levels 
differed  by  about  1  on  the  login  scale,  or  about  a  factor  of  10.  Quantita¬ 
tively,  the  correlation  coefficient  between  the  logs  of  the  currents  for  these 
passes  with  the  times  of  the  nlght/day  crossing  aligned  1$  0.78  (for  a  confid¬ 
ence  level  of  greater  than  99  percent),  but  the  difference  In  <log>  Is  0.939. 
Similar  effects  are  shown  for  other  orbits.  Unless  the  magnetospherlc  electron 
densities  or  temperatures  can  vary  uniformly  over  the  polar  cap  by  a  factor  of 
10  In  less  than  100  min,  we  must  Infer  that  the  Langmuir  probe  currents  are 
sometimes  much  higher  or  lower  than  the  electron  densities  would  necessitate  In 
naive  probe  theory. 
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Another  Indicator  of  the  reliability  of  the  Langmuir  probe  currents  as 
density  and  temperature  Indicators  can  be  obtained  by  comparing  them  with  read¬ 
ings  from  other  satellites.  Fortunately,  the  Defense  Meteorological  Satellite 
Program  satellite  DMSP/F6  was  simultaneously  taking  data  In  an  orbit  nearly 
Identical  In  Inclination  to  the  PIX  11  orbit  at  an  altitude  of  833  km  (not  too 
different  from  the  ~890-km  PIX  II  altitude).  The  data  obtained  by  this  satel¬ 
lite  (and  kindly  supplied  by  Frederick  Rich  of  the  Air  Force  Geophysics  Labora¬ 
tory)  were  compared  with  the  PIX  II  data  for  orbits  corresponding  most  closely 
In  day/night  orientation  and  geomagnetic  longitude  and  latitude.  The  calcu¬ 
lated  DMSP  Ion  densities  (to  be  used  because  there  was  a  negative  bias  on  the 
DMSP  satellite)  were  compared  with  the  PIX  II  Langmuir  probe  electron  collec¬ 
tion  currents  for  consecutive  equatorial  passes  of  the  two  satellites  (fig.  3). 
The  qualitative  behaviors  were  quite  similar  and  the  correlation  coefficients 
were  quite  high  for  these  data,  an  Indication  that  changes  In  electron/Ion 
density  were  followed  by  both  satellites.  However,  again  the  multiplicative 
factor  relating  the  two  measured  currents  was  quite  different  from  orbit  to 
orbit,  varying  by  as  much  as  a  factor  of  6.5  from  orbit  2  to  orbit  3.  Again, 
the  PIX  II  currents  seemed  to  be  uniformly  lower  In  orbit  3  by  a  large  factor 
for  the  same  regions  of  the  magnetosphere  as  measured  by  DNSP/F6.  Note  that 
all  of  the  PIX  II  Langmuir  probe  currents  used  In  this  analysis  were  made  with 
the  solar  panels  biased  at  voltages  more  negative  than  30  V  to  eliminate  any 
effects  of  vehicle  charging. 

A  logarithmic  plot  (fig.  4)  was  made  of  the  PIX  II  Langmuir  probe  current 
versus  the  DMSP/F6  Ion  density  for  a  large  sample  of  closely  corresponding 
magnetospherlc  data  points.  Here,  points  where  the  DMSP/F6  Ion  density  was  a 
rapidly  varying  function  of  time  or  geomagnetic  latitude  have  been  thrown  out. 
Although  the  correlation  Is  high  (0.78)  and  significant  (at  the  »99  percent 
level),  the  50  data  points  seem  to  show  a  well-defined  narrow  upper  range, 
with  a  downward  trail  of  a  few  Langmuir  probe  currents  to  a  factor  of  about  10 
lower  than  the  upper  limit.  It  Is  significant,  and  conrlstent  with  the  picture 
obtained  In  figures  2  and  3,  that  the  Langmuir  probe  current  on  PIX  II  was 
occasionally  depressed  by  as  much  as  a  factor  of  10  from  that  expected  from  the 
true  electron  density  and  simple  probe  theory. 

Although  the  PIX  II  Langmuir  probe  current  was  highly  correlated  with  that 
of  the  DMSP/F6  sensors,  neither  was  well  correlated  with  a  calculated  model 
Ionosphere  supplied  by  H.  B.  Garrett  of  JPL.  Evidently  the  Langmuir  probe  on 
PIX  U  and  the  Ion  sensor  on  DMSP/F6  both  measured  highly  correlated  physical 
quantities,  but  occasionally  the  Langmuir  probe's  readings  were  abnormally 
low.  It  Is  desirable  to  understand  the  discrepancy  fully. 


THE  RAM/WAKE  HYPOTHESIS 

A  rapidly  moving  body  traveling  through  a  plasma  will  leave  a  wake  dis¬ 
turbance.  This  Is  easily  seen  to  be  true  for  Ions  when  the  velocity  of  the 
body  exceeds  the  Ion  thermal  velocity.  It  Is  also  true  that  the  electrons 
will  feel  a  wake  Influence  because  of  the  predominantly  negative  space  charge 
built  up  In  the  wake  by  the  partial  Ion  evacuation  there.  The  shape  of  the 
wake  region  for  a  moving  sphere  Is  a  trailing  cone  with  a  half-angle  e 
given  by  (ref.  1) 
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where  and  are  the  Ion  mass  and  temperature  and  v  Is  the  velocity 
of  the  moving  body.  The  potential  In  the  wake  cone  may  be  more  negative  than 
that  of  the  body  by  an  amount  (ref.  1) 


V‘0kT/n1e 

where  sq  1r  the  permittivity  of  free  space,  n|  Is  the  Ion  density,  and  R 
Is  the  body  radius.  For  a  neutral  body  this  limits  the  thermal  electrons  that 
might  collect  on  the  trailing  edge  of  the  body  to  those  able  to  surmount  this 
negative  potential  barrier.  Calling  the  density  of  such  electrons  n^,  one  has 
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Taking  the  raalus  of  the  PIX  II  Delta  upper  stage  (R  *  0.76  m)  and  putting 
n*  *  10'°  m~3  and  T  «  2900  K  (extrema  from  Garrett's  model)  yield 


V-  -  -  1.5  V 
jjk  <  2.4X10-3 

for  PIX  II.  If  It  Is  further  assumed  that  only  these  electrons  could  be  at¬ 
tracted  by  a  positively  charged  Langmuir  probe  In  the  vehicle  wake,  the  collec¬ 
tion  current  of  the  Langmuir  probe  could  go  down  by  a  factor  of  400  In  the  wake 
of  a  neutral  spherical  body  with  the  Delta's  radius. 

The  extent  of  the  Delta  wake  can  be  estimated  from  equation  (1).  The  dis¬ 
tance  d  of  the  tip  of  the  wake  cone  from  the  surface  of  the  Delta  upper  stage 
Is 


which,  assuming  equation  (1)  and  spherical  geometry,  Is 


.r  (vTT^ 


Since  the  spacecraft  environment  contains  Ions  of  different  species,  which  Is 
Indicated  In  parentheses  after  d,  each  'on  will  have  a  wake  region  of  differ¬ 
ent  extent.  Putting  In  v  r  7.4  km/sec,  T  >  2000  K,  and  R  -  0.76  m  results  In 
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d(0*)  -  3.23  m 
d(H*)  -  0.48  m 
d(He^)  -  1.34  m 

The  boom  on  the  Oelta  on  which  the  Langmuir  probe  Is  deployed  extends  It  to 
about  0.6  m  from  the  Oelta  surface.  Thus  the  Langmuir  probe  Is  never  In  the 
hydrogen  Ion  wake  but  can  be  In  the  oxygen  and  helium  Ion  wakes.  From  the 
model  data  of  Garrett  the  lowest  percentage  by  number  of  hydrogen  Ions  Is  about 
36  percent.  If  the  wake  potential  barrier  Is  then  lessened  by  the  presence  of 
H*  ions  at  the  Langmuir  probe  location,  the  total  reduction  In  collection 
current  Is  expected  to  be  substantially  less  than  calculated  earlier. 

More  realistic  estimates  of  the  wake  effect  on  electron  current  collection 
can  be  obtained  by  examining  data  from  other  satellites.  Figure  2  of  Samir  and 
Stone  (ref.  3)  shows  that  the  Ariel  I,  Explorer  3,  and  AE  satellite  data  are 
consistent  with  a  maximum  reduction  of  wake  electron  collection  current  by  a 
factor  of  about  10  at  a  900-km  altitude.  Thus  the  occasional  factor-of-10 
reduction  In  PIX  II  Langmuir  probe  current  Is  consistent  with  the  hypothesis 
that  the  probe  Is  In  the  0+  and  He*  wake  when  the  reduction  occurs. 

There  Is  evidence  that  during  the  flight  the  PIX  II  satellite  was  In  a 
complex  rotation  that  allowed  the  Langmuir  probe  to  be  carried  Into  the  space¬ 
craft  wake.  Both  the  Sun  sensor  (a  photocell  mounted  on  the  solar  array  panel) 
and  the  array  temperature  sensor  showed  readings  that  varied  In  a  manner  con¬ 
sistent  with  rotation  or  precession  with  respect  to  the  Sun.  In  addition, 
data  returned  by  Delta  launch  telemetry  and  kindly  provided  by  Elizabeth  Beyer 
of  Goddard  Space  Flight  Center  (private  communication)  Indicate  that  In  the 
early  stages  of  the  flight  the  Delta  upper  stage  was  precesslng  and  rotating 
with  at  least  one  period  near  100  min.  Unfortunately,  the  time  span  over  which 
the  data  were  taken  was  too  short  to  allow  an  adequate  determination  of  the 
geometry  and  frequency  of  rotation  and  precession. 

Further  analysis  of  all  available  Sun  sensor,  temperature,  and  telemetry 
data  Is  needed  with  the  goal  of  modeling  the  PIX  II  attitude  to  allow  determi¬ 
nation  of  the  ram/wake  orientation  at  all  times  In  the  flight. 


EVIDENCE  FOR  THE  RAM/WAKE  HYPOTHESIS 

Although  the  absolute  orientation  of  the  PIX  II  satellite  at  all  times  In 
the  flight  has  not  been  determined,  there  are  some  rough  Indications  of  the 
attitude  at  certain  times.  For  Instance,  the  Sun  sensor  can  Indicate  times 
when  the  Sun  Is  high  on  the  solar  array.  Since  the  Sun  was  at  a  very  high 
angle  to  the  orbital  plane  and  the  array  was  roughly  opposite  the  Langmuir 
probe  on  PIX  II,  a  condition  of  high  Sun  on  the  array  Implied  that  the  Langmuir 
probe  was  probably  not  In  the  vehicle  wake.  A  map  constructed  of  Langmuir 
probe  currents  for  the  hlgh-Sun  condition  showed  no  discrepancies  between 
adjacent  orbits  of  more  than  a  factor  of  3,  consistent  with  most  points  In 
figure  4  (presumed  not  to  be  In  the  wake). 
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Perhaps  the  b^st  test  of  whether  the  Langmuir  probe  currents  were  at  times 
not  Indicative  of  the  true  plasma  density  Is  to  show  that  a  real  physical 
effect  follows  not  the  Langmuir  probe  current  but  another  Indicator  of  the 
plasma  density.  N.  J.  Stevens  (ref.  4)  has  shown  that  for  solar  arrays  In  the 
laboratory,  the  negative  breakdown  voltage  decreases  with  Increasing  plasma 
density.  Such  an  effect  should  also  be  seen  In  orbit  If  the  Indicator  of  plas¬ 
ma  density  used  Is  reliable  and  the  blaseo  array  Is  not  In  the  vehicle  wake. 

To  Insure  this,  the  PIX  II  data  were  searched  for  breakdowns  that  occurred 
when  the  Langmuir  probe  (LP)  current  was  much  lower  than  the  DMSP/F6  satellite 
current.  Such  an  occurrence  was  taken  to  mean  that  th«  Langmuir  probe  was  In 
the  vehicle  wake,  so  that  the  solar  array  opposite  was  not  In  the  vehicle  wake. 
The  voltage  at  which  the  solar  arrays  arced  versus  the  corresponding  0HSP/F6 
Ion  density  was  plotted  (fig.  S)  for  all  breakdowns  occurring  when 

log-jo  (LP  current)  <  log^Q  (DMSP  Ion  density)  *  9.90 

For  these  points  there  Is  a  relation  between  breakdown  voltage  and  Ion  density 
In  the  same  sense  as  Stevens  found.  Quantitatively,  logig  Var?  Is  correlated 
with  logm  (DMSP  Ion  density)  with  a  correlation  coefficient  of  -0.73,  signifi¬ 
cant  at  more  than  the  99.9  percent  level  for  these  20  data  points. 

logiO  varc  “  -0.34  logio  (DMSP  Ion  density)  t  4.26 

The  same  breakdown  voltage  was  plotted  versus  the  Langmuir  probe  current 
presumed  to  have  been  read  In  the  spacecraft  wake  (fig.  6).  This  diagram  has  a 
correlation  coefficient  of  -0.68,  which  Is  lower  than  the  correlation  with  the 
density  found  by  another  satellite.  Also,  most  of  the  correlation  was  due  to 
one  data  point  of  very  low  current.  The  least-squares  fit  here  Is 

logio  varc  "  -0*20  logig  (LP  current)  1.59 

Thus  for  these  data  the  LP  current  Is  a  worse  Indicator  of  the  PIX  II  plasma 
density  than  the  readings  of  the  DMSP/F6  satellite.  Furthermore,  although 
these  data  were  selected  In  a  way  that  should  have  produced  a  correlation 
between  logig  (LP  current)  and  logig  (MSP  <or>  density)  even  for  originally 
uncorrelated  data,  the  correlation  for  these  points  was  only  0.27,  not  signifi¬ 
cant  at  the  80  percent  confidence  level  and  consistent  with  a  large  degree  of 
randomness.  It  may  be  concluded  that  when  the  Langmuir  probe  currents  were 
abnormally  low  they  were  no  longer  a  valid  Indicator  of  the  plasma  density  at 
the  solar  array. 

The  Langmuir  probe  currents  (fig.  4)  can  sometimes  be  as  much  as  10  times 
lower  than  normal,  so  that  a  maximum  correction  factor  of  10  may  be  appropriate 
for  plasma  densities  derived  from  LP  currents  when  the  probe  Is  deepest  In  the 
vehicle  wake. 


CONCLUSIONS  AND  IMPLICATIONS 

The  ram/wake  hypothesis  seems  to  satisfactorily  explain  the  variations  In 
Langmuir  probe  current  from  orbit  to  orbit  on  the  PIX  II  satellite.  The  time 
scale  for  vehicle  rotation  or  precession  may  be  short  enough  to  place  the 
Langmuir  probe  In  the  vehicle  wake  In  one  orbit  and  outside  the  wake  on  the 
succeeding  orbit,  Theoretical  considerations  make  the  amount  of  the  variation 
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plausible,  and  comparisons  with  Ion  densities  found  by  a  satellite  In  a  similar 
orbit  show  the  same  range  of  discrepancy.  Furthermore,  when  the  probe  might 
have  been  In  the  wake,  probe  currents  were  poorly  correlated  with  the  array 
breakdown  voltage,  as  compared  with  the  correlation  of  other  plasma  density 
Indicators. 

The  Importance  of  these  results  can  be  summarized  In  the  following  way: 
first,  the  PIX  II  Langmuir  probe  data  must  be  used  with  caution  If  slmpie  probe 
theory  Is  used  to  Infer  plasma  densities.  Second,  when  the  probe  Is  In  the 
wake,  correction  factors  of  up  to  10,  depending  on  the  geometrical  circum¬ 
stances,  must  be  applied  to  th»  Langmuir  probe  currents  to  derive  plasma  densi¬ 
ties  simply.  Third,  wake  effects  can  be  significant  for  collection  currents 
on  large  spacecraft  and  may  be  a  consideration  In  the  geometrical  design  nf 
large  scUr  arrays.  Whenever  possible,  for  Instance,  an  array  should  perhaps 
be  fitted  with  "blinders"  on  each  side  or  other  devices  to  put  the  array  In  a 
plasma  wake  and  to  minimize  leakage  currents  while  maximizing  breakdown  volt¬ 
ages.  Finally,  the  amount  of  diminution  of  the  PIX  II  Langmuir  probe  current 
when  the  probe  Is  In  the  vehicle  wake  may  be  Important  to  understanding 
vehicle/plasma  Interactions. 

The  PIX  II  data  analysis  should  be  continued  In  order  to  model  the  vehicle 
orientation.  It  may  be  possible  to  find  the  correction  factor  necessary  for 
any  angle  of  attack  with  respect  to  the  vehicle  velocity  vector.  This  would 
make  PIX  II  a  laboratory  for  studying  not  only  collection  currents  and  break¬ 
downs  but  also  the  dynamic  Interaction  between  a  large  space  vehicle  and  Its 
stationary  plasma  environment. 
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NASCAP  SIMULATION  OF  PIX  II  EXPERIMENTS 


James  C.  Roche 
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Lewis  Research  Center 
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and 

Myron  J.  Mandell 
S-CUBED 
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The  second  Plasma  Interaction  Experiment  (PIX  II)  consisted  of  a  set  of 
four  short-circuited  solar  array  modules  mounted  on  the  side  of  a  Delta  launch 
vehicle.  The  modules  were  Independently  biased  over  a  range  of  positive  and 
negative  voltages  relative  to  the  Delta  ground  structure.  The  experiment  was 
launched  Into  low  Earth  orbit  on  25  January  1983,  and  data  were  gathered  for 
18  hr  on  the  currents  collected  by  the  modules  from  the  space  plasma.  In  this 
presentation  the  latest  version  of  the  NASCAP/LEO  digital  computer  code  was 
used  to  simulate  the  PIX  II  experiment.  NASCAP  Is  a  finite-element  code  and 
previous  versions  have  been  restricted  to  a  single  fixed  mesh  size.  As  a 
consequence  the  resolution  was  dictated  by  the  largest  physical  dimension  to 
be  modeled.  The  latest  version  of  NASCAP/LEO  can  subdivide  selected  regions. 
This  permitted  the  modeling  of  the  overall  Delta  launch  vehicle  In  the  primary 
computational  grid  at  a  coarse  resolution,  with  subdivided  regions  at  finer 
resolution  being  used  to  pick  up  the  details  of  the  experiment  module  configu¬ 
ration.  Langmuir  probe  data  from  the  flight  were  used  to  estimate  the  space 
plasma  density  and  temperature  and  the  Delta  ground  potential  relative  to  the 
space  plasma.  This  Information  Is  needed  for  Input  to  NASCAP.  Because  of  the 
uncertainty  or  variability  In  the  values  of  these  parameters,  It  was  necessary 
to  explore  a  range  around  the  nominal  value  In  order  to  determine  the  variation 
In  current  collection.  The  flight  data  from  PIX  II  were  also  compared  with  the 
results  of  the  NASCAP  simulation. 
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AN  INVESTIGATION  OF  ARC  DISCHARGING  ON  NEGATIVELY  BIASEO  DIELECTRIC- 

CONDUCTOR  SAMPLES  IN  A  PLASMA* 


William  L.  Miller 

National  Aeronautics  and  Space  Administration 
Lewis  Research  center 
Cleveland,  Ohio  44135 


Proposals  are  now  being  developed  for  the  construction  of  high-power 
photovoltaic  systems  for  operation  In  low  Earth  orbit,  where  the  plasma  number 
density  Is  about  103  to  10*  per  cm3.  Existing  data  Indicate  that  Inter¬ 
actions  between  the  plasma  and  high-voltage  surfaces  of  an  orbiting  power 
system  will  occur,  in  ground  tests,  where  the  applied  voltage  is  increased 
negatively  from  ground,  the  array  current  collection  shows  an  approximately 
linear  rise  until  It  terminates  In  arcing  at  greater  than  several  hundred  volts 
negative.  This  arcing  may  reduce  the  power  generation  efficiency  and  could 
possibly  affect  the  low-level  logic  circuits  of  the  spacecraft.  Therefore  It 
Is  Important  that  the  arcing  phenomenon  be  well  understood.  This  study  Is  a 
survey  of  the  behavior  of  different  dielectric-conductor  samples,  Including  a 
solar  cell  module,  that  were  biased  negatively  In  a  low-density  plasma  environ¬ 
ment  with  the  Intent  of  defining  arc  discharge  conditions  and  characteristics. 
Procedures  and  results  are  discussed. 


INTRODUCTION 

Recent  proposals  for  the  construction  of  large  spacecraft  to  operate  In 
low  Earth  orbit  envision  much  greater  power  requirements  than  those  of  pres¬ 
ently  operating  spacecraft.  The  employment  of  very  large  solar  arrays  has 
been  suggested  as  a  means  of  generating  such  power.  These  arrays  may  operate 
at  higher  voltages  than  have  been  previously  used  In  order  to  reduce  the  mass 
of  conductive  materials. 

Conventional  solar  array  design  exposes  cell  Interconnects  to  the  plasma 
environment  of  low  Earth  orbit,  which  can  be  as  dense  as  10*  per  cm3.  Ground 
and  flight  tests  have  shown  the  existence  of  Interactions  between  array  sur¬ 
faces  at  high  voltage  and  the  surrounding  plasma.  For  positive  applied  bias 
voltage  a  nonlinear  current  collection  phenomenon  known  as  "snapover*  has  been 
documented  (ref.  1).  For  negative  applied  bis:  voltage,  to  be  considered  here¬ 
in,  recorded  observations  of  solar  arrays  (e.g.,  ref.  2)  Include  current  tran¬ 
sients  and  visible  flashes  of  light,  both  referred  to  as  "arcing."  Although  no 
effort  to  characterize  these  arcs  In  detail  appears  In  the  literature  to  date, 
there  Is  agreement  that  arcs  seem  to  occur  on  or  near  exposed  metal  surfaces  of 
a  solar  cell  array  at  bias  voltages  of  -300  V  or  more  (In  this  paper,  "more" 
Implies  an  Increasing  magnitude  of  negative  voltage).  If  violent  enough,  these 

♦Also  In  Spacecraft  Environmental  Interactions  Technology  -  1983,  NASA 
CP-2336,  1984. 
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arcs  could  conceivably  disrupt  efficient  power  generation  and  low-level  elec¬ 
tronic  circuit  operation,  as  well  as  cause  physical  damage  to  the  solar  cells 
of  an  orbiting  system.  Therefore  a  thorough  understanding  of  the  arc  phenom¬ 
enon  Is  vital  for  the  successful  design  of  large-scale  photovoltaic  power¬ 
generating  systems. 

In  this  Investigation,  dielectric-conductor  samples  of  various  configura¬ 
tions,  Including  a  solar  cell  module,  were  biased  negatively  In  a  plasma  of 
known  density.  The  test  facility  was  a  small  vacuum  chamber,  equipped  with  an 
argon  plasma  source.  Arcing  behavior  and  Its  dependence  on  sample  configura¬ 
tion,  bias  voltage,  and  plasma  density  were  studied. 


TEST  FACILITY 

Figure  1  shows  the  electrical  circuit  and  a  typical  experiment  configura¬ 
tion.  The  test  chamber  was  a  46-cm-dlameter  by  81-cm-hlgh  steel  bell  jar 
evacuated  with  mechanical  and  oil  diffusion  pumps.  Plasma  was  obtained  by 
flowing  argon  gas  past  a  hot  tungsten-filament  cathode  located  In  an  anode 
cylinder  Immersed  In  a  magentlc  field.  The  source  was  mounted  about  40  cm 
above  the  test  samples  and  produced  densities  of  103  to  105  per  cm3.  A  1.3-cm 
baffle  at  the  exit  aperture  of  the  source  diffused  the  emerging  particles  and 
prevented  filament  electrons  and  other  particles  In  the  source  chamber  from 
striking  the  samples  directly.  With  the  plasma  source  on,  chamber  pressures 
during  testing  ranged  from  5x10-6  to  3xl0“5  torr. 

The  test  samples  were  mounted  on  electrically  Insulating  rods.  They  were 
biased  using  two  external,  continuously  variable  voltage  sources  connected  In 
series,  giving  an  output  of  zero  to  -1000  V.  Plasma  characteristics  data  were 
obtained  with  a  1 .91-cm-dlameter  spherical  Langmuir  probe  connected  to  an  auto¬ 
mated  data  system.  Surface  potential  profiles  were  made  by  using  a  noncontact¬ 
ing  electrostatic  potential  probe.  This  probe  senses  a  voltage  by  nulling  the 
electric  field  between  Itself  and  a  small  area  of  test  sample  surface.  The 
probe  was  mounted  on  a  movable  arm  and  Its  sensing  surface  was  swept  In  a  plane 
2  to  5  mm  above  the  test  sample  surfaces. 

In  the  high-voltage  electrical  line  from  the  voltage  source,  21.1-MQ 
series  resistance  was  shunted  by  0.0117-uF  capacitance.  Although  some  tests 
were  run  without  the  series  resistance.  It  served  to  Isolate  the  discharge 
process  from  the  characteristics  of  the  voltage  source,  as  well  as  limit  the 
current  flow  from  the  voltage  source  during  arcing  to  protect  the  equipment. 
Collection  current  was  monitored  with  a  digital  electrometer  and  an  analog 
panel  ammeter.  A  current  pulse  transformer  detected  transients  In  the  high- 
voltage  line  between  the  capacitors  and  the  sample.  The  transformer's  output 
was  fed  to  a  waveform  recorder,  connected  In  turn  to  an  oscilloscope,  where 
the  traces  were  photographed.  Surface  voltage  profiles,  test-sample  applied 
bias  voltage,  and  Langmuir  probe  current  were  recorded  on  a  strip  chart. 


PROCEDURE 

After  the  plasma  source  was  allowed  to  stabilize  and  the  plasma  data  were 
obtained,  voltage  was  applied  to  a  sample  In  50-  to  100-V  Increments,  with  a  3- 
to  10-mln  waiting  period  at  each  voltage.  One  to  2  min  were  generally  required 
for  collection  current  stabilization,  although  completely  stable  conditions 
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were  not  reached  In  some  solar  cell  array  tosts.  Tests  were  also  conducted  by 
sotting  the  bias  voltage  at  a  fixed  value  for  an  extended  period  of  time.  The 
longest  test  duration  at  a  constant  applied  bias  voltage  with  constant  test 
conditions  was  8  hr. 


TEST  SAMPLES 

The  samples  tested  are  Illustrated  In  figure  2.  The  disk/pinhole  sample 
(fig.  2(a))  was  a  10-em-dlameter  fiberglass  disk  with  a  centered  S-cm-dlameter 
electrode.  The  disk  and  electrode  were  completely  covered  with  0.0127-mm-thlck 
Kapton  Insulation,  except  for  a  0.8-mm-dlameter  "pinhole"  In  the  center  expos¬ 
ing  the  electrode.  Tests  were  also  conducted  with  wire  strands  Inserted  be¬ 
tween  the  Kapton  and  the  electrode  and  extending  5  to  10  mm  beyond  the  disk's 
surface. 

A  four-solar-cell  module  (fig.  2(b))  of  2-cm  by  4-em  cells  was  tested  with 
the  Array  output  leads  shorted  together.  Two  separate  tests  were  conducted 
with  Kapton  tape  masking  all  but  a  small  section  of  the  cells  and  exposed 
Interconnects. 

Also  examined  was  a  0.4-mm-base-dlameter  tapered  tungsten  pin  protruding 
irom  a  10-cm-dlameter  fiberglass  disk  (fig.  2(e)).  The  disk  covered  a  S-cm- 
dlameter,  centered,  concave  electrode.  The  pin,  attached  to  the  electrode, 
extended  through  a  0.7-im-dlameter  hole  In  the  fiberglass  to  about  0.8  mm  above 
the  disk's  surface.  Thus  metal  touched  dielectric  only  on  the  underside  of 
the  fiberglass  at  the  edges  of  the  concave  electrode.  The  back  side  of  the 
sample  was  covered  with  Kapton  tape  to  prevent  current  collection  on  the  rear 
surface.  The  same  sample  was  also  tested  with  a  3-cm  by  2-cm  piece  of  Kapton 
tape  on  the  fiberglass  surface.  The  tape  was  pierced  by  the  pin  so  that  the 
pin  was  In  contact  with  the  tape. 

Finally,  a  S-mm-dlameter  coaxial  cable  (R6  58B/U)  was  cut  (fig.  2(d))  with 
the  ground  shielding  stripped  1.S  cm  away  from  the  exposed  surface  to  expose 
the  copper  center-conductor  and  surrounding  Insulation. 


DISCUSSION  AND  RESULTS  FOR  INDIVIDUAL  SAMPLES 
01sk/P1nhole 

Current  collection  rose  linearly  with  voltage  but  rarely  terminated  In 
arclmj  for  the  plain  pinhole  sample.  The  few  arcs  that  did  occur  were  attrib¬ 
uted  to  dust  particles  Inside  the  hole.  With  the  wire  strands  In  place,  arcs 
occurred  regularly  at  an  applied  bias  of  about  -500  V  or  more  and  were  seen 
near  or  In  the  pinhole  but  not  at  the  strand  tips.  The  observations  might 
suggest  that  sharp  or  discontinuous  surfaces  and  close  proximity  of  dielectric 
are  requirements  for  arc  discharging. 


Solar  Cell  Array 

In  tests  of  the  fully  exposed  (unmasked)  solar  array,  arcing  occurred  at 
-300  V  or  more,  and  arcs  were  seen  on  all  Interconnects,  although  they  tended 
to  occur  more  frequently  toward  the  outer  edges  of  the  array.  The  exposed 
area  of  the  second  masking  test,  located  on  an  edge  of  the  array,  arced  more 
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often  than  the  first,  although  the  exposed  metal  area  was  roughly  the  same 

(fig.  2(b)). 

During  long  constant-applled-blas-voltage  tests*  the  discharge  rate  of 
the  fully  exposed  array  segment  decreased  with  time  (fig.  3).  Perhaps  arcs 
were  blunting  metal  edges,  rendering  them  less  likely  sites  for  future  arcing. 
The  arc  rate  appeared  to  r*?ach  some  nonzero  equilibrium  value.  However,  longer 
tests  are  needed  to  determine  this  conclusively.  The  rapid  decrease  and  sub¬ 
sequent  rise  In  arc  rate  from  about  20  to  75  min  (fig.  3)  may  be  the  result  of 
varying  plasma  characteristics  early  In  the  test. 

Visible  damage  to  the  solar  cell  array  as  a  result  of  arcing  (fig.  4) 
appeared  to  be  limited  to  a  roughening  of  Interconnect  surfaces,  mostly  con¬ 
centrated  In  spots  near  Interconnect  edges  and  protrusions.  In  addition, 
coloration  of  the  Interconnect  surfaces  occurred  along  the  length  of  several 
Interconnects.  The  coloration  may  be  the  result  of  vacuum  pump  oil  contamina¬ 
tion,  although  this  Is  not  certain.  It  Is  not  known  to  what  extent  a  film  of 
oil  might  affect  the  test  results. 

With  the  21.1-MS2  current-limiting  series  resistance  removed,  arcs  were 
much  brighter,  exhibited  larger  peak  currents,  and  were  longer  In  duration. 
Damage  to  the  Interconnect  surfaces  was  much  more  extensive  and  Included 
regions  where  metal  appeared  to  have  melted  and  then  resolidified  (fig.  5). 
Coloration  occurred  and  was  also  more  pronounced  and  extensive  than  after  tests 
with  the  large  resistance  In  place. 


Tungsten  Pin/Disk 

No  arcing  was  observed  with  the  plain  pin/disk  sample.  However,  with  the 
Kapton  In  place,  energetic  discharges  occurred  at  applied  bias  of  -800  V  or 
more.  The  difference  In  behavior  with  and  without  the  Kapton  (arcing  versus  no 
arcing)  could  be  due  to  the  differing  dielectric  properties  of  fiberglass  and 
Kapton.  Yet,  based  on  aforementioned  observations  of  the  disk/pinhole  sample. 
It  Is  more  likely  that  the  dielectric  must  be  very  close  to  or  actually  touch¬ 
ing  an  exposed  conductor  for  arcing  to  occur.  The  Intensity  of  the  arcs  and 
the  high  threshold  voltage  for  the  pin/disk,  relative  to  those  of  the  other 
samples  tested,  suggest  that  the  sample  configuration  and  the  type  of  conduc¬ 
tive  material  used  play  some  role  In  the  discharge  mechanism. 


Cable  End 

The  cable  end  arced  at  applied  bias  of  -400  V  or  more.  Since  the  total 
Insulation  area  was  much  less  on  this  sample  than  on  others,  It  can  be  deduced 
that  a  large  dielectric  area  Is  not  a  requirement  for  arc  discharging.  Further 
exploration  Is  needed  to  determine  the  nature  of  dielectric  area  dependence. 


GENERAL  ARC  CHARACTERISTICS 

Some  general  statements  can  be  made  concerning  the  discharge  phenomena 
observed  on  all  of  the  samples  that  arced  when  tested. 
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Arc  Events 


The  observed  discharges  appeared  to  be  blue  point  flashes  that  seemed  to 
occur  Individually.  The  time  between  arc  events  was  measured  to  be  as  short 
as  1  sec  or  less.  Often,  current  collection  appeared  to  be  stable  right  up  to 
the  point  of  discharge,  with  stable  collection  resuming  shortly  afterward. 

This  was  excepted  In  certain  cases  of  a  high  arcing  rate  (of  the  order  of  1 
arc/sec)  when  the  steady-state  collection  current  was  not  well  defined. 

There  was  an  approximately  linear  Increase  In  collection  current  as  the 
bias  voltage  was  Increased  negatively,  and  discharges  began  to  occur  at  some 
definite  threshold  voltage.  As  shown  In  figure  6,  steady-state  collection  was 
measurable  and  continued  to  rise  linearly  at  applied  bias  voltages  greater 
than  or  equal  to  the  arcing  threshold  voltage.  The  difference  In  the  slopes 
of  the  masked  solar  cell  array  and  pin/disk  curves  represents  the  difference 
in  available  collection  area  (exposed  metal  area)  of  the  two  samples. 


Threshold  Voltage 

Each  sample  that  arced  did  so  at  a  slightly  different  Initial  threshold 
voltage,  ranging  from  -300  V  for  the  fully  exposed  solar  cell  array  to  -800  V 
for  the  tungsten  pin/disk  sample.  In  all  cases  the  threshold  voltage  became 
more  negative  as  the  total  arcing  experience  accumulated.  For  example,  a 
sample  with  an  Initial  threshold  for  arcing  of  -S00-V  applied  bias,  which  was 
biased  at  -800  V  for  some  time,  would  later  exhibit  arcs  rarely,  If  at  all,  at 
-500  V.  The  data  were  not  conclusive  as  to  the  effect  of  plasma  density  on 
threshold  voltage,  In  part  because  of  this  variance  In  threshold  voltage  with 
accumulation  of  arcing. 


Duration  and  Peak  Current 

Oscilloscope  traces  of  current  pulses  were  recorded  during  arc  events  on 
various  samples.  The  traces  (fig.  7)  represent  negative  charge  leaving  the 
capacitors  In  the  electrical  system  during  an  arc  event.  The  arc  duration  was 
about  10  to  30  vsec  with  the  21.1-NQ  resistance  In  series,  and  greater  than 
1  msec  without  the  resistance.  Arc  peak  current  was  generally  0.5  to  2  A  with 
the  resistance,  and  about  40  A  or  more  without  It.  The  fact  that  arc  peak 
current  decreased  with  series  resistance  may  Indicate  a  cutoff  point  at  which 
the  available  current  would  not  be  enough  to  sustain  arcing. 


Arc  Rate 

The  arc  rate  Increased  with  applied  voltage  and  plasma  density  for  the 
fully  exposed  solar  array  (fig.  8).  This  behavior  was  characteristic  of  all  of 
the  samples  that  arced.  The  arc  rate  decreased  with  time  during  long  tests  of 
the  fully  exposed  solar  cell  module  (fig.  3).  This  trend  was  also  Indicated 
during  shorter  tests  of  other  samples.  As  stated  earlier,  longer  tests  are 
needed  to  determine  conclusively  whether  the  arc  rate  does  Indeed  reach  some 
nonzero  equilibrium  value. 
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Surface  Voltage  Profiles 


Strip-chart  records  of  typical  surface  potential  profiles  were  obtained  by 
sweeping  the  electrostatic  probe  (fig.  9).  Characteristics  of  these  profiles 
Include  large  voltage  readings  over  exposed  metal  regions  and  lower  potential 
readings  over  dielectric  areas.  During  the  electrostatic  probe's  sweep,  dis¬ 
charges  would  often  occur  as  the  probe  moved  over  an  exposed  metal  region. 

This  behavior  suggests  that  the  prooe  could  have  Induced  some  discharges.  It 
Is  thought  that  localized  solar  cell  arcs  affect  the  surface  potentials  of  the 
rest  of  an  array  (ref.  3).  The  potential  profiles  made  in  this  Investigation 
Indicate  that  the  test-sample  response  time  to  an  arc  event  was  probably 
shorter  than  the  response  times  of  the  electrostatic  probe  and  the  strip  chart. 

In  addition,  the  results  show  that  arc*  r*n  occur  not  only  on  solar  cell 
arrays,  but  also  on  other  surfaces  with  expose;  metal  that  are  biased  at  high 
voltages  In  a  plasma. 


SUGGESTIONS  FOR  FURTHER  STUDY 

More  data  are  needed  to  clarify  the  relationships  of  arc  rate  and  thres¬ 
hold  voltage  to  bias  voltage  and  plasma  density.  Surface  potentials  and  plasma 
behavior  should  be  examined  more  closely.  It  must  be  discovered  to  what  extent 
arcs  physically  affect  the  dielectric-conductor  surfaces  and  current- voltage 
characteristics  of  a  given  test  sample.  A  metal  plate  placed  some  distance 
above  a  test  sample  surface  might  show  If  and  how  much  metal  or  dielectric  Is 
vaporized.  Finally,  since  arcing  Is  an  optical  as  well  as  electrical  phenome¬ 
non,  spectral  analysis  of  the  discharges  could  provide  valuable  Insights  Into 
arc  mechanism  and  composition. 

Of  major  concern  Is  the  comparative  validity  of  results  obtained  by  using 
a  test  rig  containing  shorted  solar  cell  arrays  that  are  biased  with  an  exter¬ 
nal  power  supply  rather  than  by  using  self-generated  voltages.  The  difficul¬ 
ties  that  arise  here  are  the  Introduction  of  the  effects  of  the  external 
supply's  characteristics  and  the  lack  of  the  ability  to  examine  the  actual 
electronic  behavior  of  the  solar  cells  during  arcing,  Also,  the  test  chamber's 
limited  size  (and  the  subsequent  Introduction  of  boundaries)  probably  affects 
the  plasma  behavior  (e.g.,  wave  propagation).  However,  this  test  setup  does 
allow  for  visual  and  spectroscopic  observation  of  arcs,  which  would  probably 
not  be  possible  during  a  simulated  sunlight  test  because  of  the  great  Intensity 
of  ambient  light  In  the  test  chamber. 


CONCLUS IONS 

This  study  confirms  the  results  of  previous  studies  that  found  that  vis¬ 
ible  arcs  occur  on,  or  very  near,  the  Interconnects  of  solar  cell  arrays  biased 
several  hundred  volts  negative.  The  results  show  that  arcing  Is  not  solely  a 
solar  array  phenomenon,  but  that  arcs  can  occur  on  other  dielectric-conductor 
configurations  as  well.  There  are  indications  of  geometrical,  material, 
plasma  density,  and  applied  bias  voltage  dependence  of  the  discharges.  In 
addition,  the  arc  behavior  of  a  sample  can  be  categorized  by  parameters  that 
Include  arc  rate,  threshold  voltage,  duration,  arc  current,  and  optical  Inten¬ 
sity.  Moreover,  further  study  Is  required  before  the  arc  phenomenon  will  be 
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adequately  understood,  and  hence,  before  the  limiting  factors  of  arcing  In  the 
design  of  large  high-power  photovoltaic  systems  can  be  thoroughly  assessed. 
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DISCHARGES  ON  A  NEGATIVELY  BIASED  SOLAR  CELL  ARRAY 
IN  A  CHARGED-PARTICLE  ENVIRONMENT 


David  B.  Snyder 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  441 35 


The  charging  behavior  of  a  negatively  biased  solar  cell  array  when  sub¬ 
jected  to  a  charged-particle  environment  was  studied  In  the  Ion  density  range 
200  to  12  000  lons/cm3  with  the  applied  bias  range  -500  to  -1400  V.  The 
profile  of  the  surface  potentials  across  the  array  was  related  to  the  presence 
of  discharges. 

At  the  low  end  of  the  Ion  density  range  the  solar  cell  coverslldes  charged 
to  0  to  5  V  independent  of  the  applied  voltage.  No  discharges  were  seen  at 
bias  voltages  as  large  as  -1400  V.  At  the  higher  Ion  densities  the  coversllde 
potential  began  to  fluctuate  and  became  significantly  negative.  Under  these 
conditions  discharges  can  occur.  The  threshold  bias  voltage  for  discharges 
decreased  with  Increasing  Ion  density.  A  condition  for  discharges  emerging 
from  the  experimental  observations  was  that  the  average  coversllde  potential 
must  be  more  negative  than  -4  V.  The  observations  presented  suggest  that  the 
plasma  potential  near  the  array  becomes  negative  before  a  discharge  occurs. 

This  suggests  that  discharges  are  driven  by  an  Instability  In  the  plasma. 


INTRODUCTION 

It  Is  well  known  that  If  an  unlllumlnated,  shorted  solar  cell  array  Is 
biased  sufficiently  negative  In  the  presence  of  a  plasma,  It  will  exhibit  arc 
discharges  (refs.  1  to  3).  The  trigger  mechanism  for  these  discharges  Is  not 
yet  understood.  This  work  studied  this  effect.  The  current  working  hypothesis 
(ref.  3)  Is  that  when  the  electrical  field  strength  between  the  solar  cell 
coverslldes  and  the  Interconnects  becomes  too  great,  a  discharge  can  occur. 

The  electric  fields  will  be  roughly  proportional  to  the  potential  difference 
between  the  Interconnects  and  adjacent  coverslldes  and  the  distance  over  which 
most  of  the  change  In  potential  occurs. 

As  an  alternative  hypothesis,  I  assumed  that  the  gradient  of  the  potential 
causes  the  attracted  positive  Ions  to  be  focused  on  the  Interconnects  and  that 
the  size  of  the  region  over  which  the  potential  changes  can  vary,  changing  the 
efficiency  with  which  Ions  are  collected  at  the  Interconnects.  Eventually, 
over  microseconds,  this  current  might  become  great  enough  to  overload  the  power 
supply  and  result  In  an  apparent  discharge. 

In  this  study,  both  of  these  hypotheses  were  examined,  taking  Into  account 
the  potentials  observed  on  the  biased  solar  array.  A  shorted,  biased  solar 
array  was  subjected  to  a  plasma  where  the  Ion  density  was  low  enough  that  the 
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profile  of  the  potential  along  tha  surfaca  of  tha  array  changed  on  a  tine  scale 
of  seconds  to  m*nutes.  The  profile  of  the  potential  along  a  portion  of  the 
array  was  monitored  by  sweeping  an  electrostatic  voltage  probe  across  the  array 
at  S-mln  Intervals.  Discharges  were  detected  by  a  probe  that  was  capacltlvely 
coupled  to  the  back  of  the  array.  With  this  apparatus  the  conditions  under 
which  discharges  do  and  do  not  occur  was  Investigated.  The  charging  behavior 
of  the  coverslldes  Is  discussed  with  respect  to  these  discharges. 

The  observations  reported  herein  do  not  support  either  of  the  preliminary 
hypotheses,  which  assume  that  a  discharge  arises  from  the  electric  fields  on 
the  array.  Instead  the  plasma  Itself  may  be  responsible  for  the  discharge. 


EXPERIMENT 

This  work  was  undertaken  to  measure  the  profile  of  the  potential  across  a 
biased  solar  array  and  to  determine  Its  response  to  a  plasma  environment.  Of 
special  Interest  Is  the  behavior  under  conditions  where  discharges  occur.  Thg^" 
experimental  apparatus  (fig.  1)  consisted  essentially  of  a  plasma  souret^^ar 
solar  array,  plates  to  monitor  the  environment,  and  an  electrostatj^pfobe  to 
read  the  potential  along  the  surface  of  the  array.  The  vacuum ^WSmber  was  1  m 
In  diameter  by  2  m  long.  It  used  Ion  pumps  and  a  turbojyimprto  reach  a  base 
pressure  of  under  10-*  torr.  During  these  experimentsfwlth  the  plasma  source 
on,  the  pressure  was  In  the  range  4x10*®  to  10x10“®  torr,  the  lower  pressure 
corresponding  to  lower  Ion  densities. 

An  electron  bombardment  Ionizer  was  the  plasma  source.  It  used  a  hot 
filament  to  generate  electrons.  The  electrons  were  accelerated  to  about  SO  V 
to  Ionize  nitrogen-gas  as  It  flowed  Into  the  vacuum  system.  Current  through  a 
coll  concentrle  with  the  Ionization  chamber  generated  a  magnetic  field  to  In¬ 
crease  the  effective  path  length  of  the  electrons  In  the  gas  and  thus  Increase 
the  plasma  density. 

Limited  plasma  measurements  were  obtained  during  the  experiments.  To 
Improve  confidence,  plasma  characteristics  under  similar  conditions  were 
obtained  later  by  using  a  1200-cm2  plate  as  a  Langmuir  probe.  The  electron 
temperatures  were  about  1  eV;  the  plasma  potentials  were  about  10  V;  and  tho 
Ion  densities  ranged  from  200  to  12  000  cm~3.  These  parameters  should  be 
regarded  as  order-of-magnltude  estimates. 

The  array  segment  (fig.  2)  used  In  this  work  was  originally  constructed 
for  the  SPHINX  satellite.  It  has  been  used  for  studies  of  electron-beam- 
stimulated  discharges  (refs.  4  and  5).  It  was  constructed  from  twenty-four 
2-cm  by  2-cm  solar  cells  connected  In  series  and  forming  a  6x4  array.  The 
Interconnects  were  l-mm-wlde  silver  strips  running  along  the  edge  of  each  cell 
and  had  four  flat  wires  forming  the  connections  to  the  following  cell.  The 
gaps  between  cells  for  these  connections  were  0.2  to  0.5  mm  wide.  The  surfaces 
of  the  cells  were  protected  by  fused  silica  coverslldes,  0.15  to  0.25  mm  thick. 
The  coverslldes  did  not  extend  over  the  main  metal  strip.  The  base  for  the 
array  was  a  fiberglass  printed  circuit  board.  A  sheet  of  Kapton  separated  the 
array  and  base.  On  the  back  of  the  base,  a  2.5-cm-radlus  copper  disk  had  bean 
etched  and  covered  with  Kapton.  This  back  plate  served  as  a  probe  capacltlvely 
coupled  to  the  array  and  measured  changes  In  the  array's  potential.  The  bias 


vol tag*  was  applied  to  tha  interconnects  with  a  Spellman  RKR-20PN60/RVC  power 
supply.  This  power  supply  can  provide  voltages  to  20  kV  and  current  to  3.3  mA 
(ref.  6). 

During  a  typical  run  data  were  taken  for  1920  sec  and  stored  at  0.5-sec 
Intervals  by  a  MINC-23  computer  with  an  analog/digital  Converter.  At  300-sec 
Intervals  the  noncontacting  Trek  electrostatic  voltage  probe  was  swept  across 
the  array.  This  probe  reads  a  voltage  by  nulling  the  electric  field  between 
Itself  and  area  being  Investigated.  It  was  close  enough  to  the  array,  about 
0.7S  mm,  to  average  the  potential  over  an  area  of  about  1.6  *»*.  The  probe 
took  120  sec  to  sweep  down  the  array,  during  which  time  Its  position  and  volt¬ 
age  were  recorded.  During  the  following  180  sec,  until  the  next  probe  sweep, 
the  pressure  was  monitored.  The  electrostatic  probe  returned  to  Its  base 
position  over  a  ground  reference  plate  during  the  first  60  sec  of  this  period. 

Discharge  transients  were  detected  by  using  the  back-plate  probe.  The 
capacitance  of  the  back  plate  to  the  solar  array  was  65  pf,  and  to  ground  It 
was  616  pr.  A  fast  test  pulse  was  used  to  determine  the  characteristics  of  the 
system.  This  caused  the  cable  to  ring  at  15  to  20  MHz,  consistent  with  the 
4.4~m  cable  length  from  back  plate  to  a  Blomatlon  61  OB  transient  recorder.  Dut 
the  transient  recorder  had  an  internal  high-frequency  limit  of  2.5  MHz.  The 
50-ohm  cable  was  terminated  with  SO  ohms  at  the  transient  recorder  but  was  open 
at  the  back  plate.  This  arrangement  measured  rate  of  change  of  the  average 
voltage  on  the  array.  During  discharges  the  arc  current  exceeded  the  current 
limit  of  the  power  supply,  and  the  power  supply  did  not  succeed  In  maintaining 
the  bias  voltage  at  the  discharge  site  on  the  solar  array.  The  signal  shown 
In  figure  3  Is  characteristic  of  olscharges  that  appear  as  arcs  on  the  array. 
The  time  of  appearance  of  this  signal  was  used  as  the  time  of  discharging.  The 
discharge  times  were  recorded  and  the  waveforms  of  the  discharges  (l.e.,  the 
current  to  the  back  plate)  were  recorded  by  the  transient  recorder. 


RESULTS 

Three  sets  of  data  were  obtained:  one  for  low  ion  density  (pressure  of 
4x10"®  torr;  Ion  density  of  about  200  cnr3),  one  for  a  medium  density  (pressure 
of  6x10“®  torr;  Ion  density  of  about  8000  cm-3),  and  one  for  a  high  Ion  density 
(pressure  of  8x10"®  torr;  Ion  density  of  about  12  000  cm-3).  The  data  obtained 
are  summarized  In  table  I. 

At  low  Ion  densities,  bias  voltages  of  -600  to  -1400  V  were  applied.  Mo 
discharges  occurred.  A  typical  electrostatic  voltage  profile  across  the  array 
Is  shown  In  figure  4.  Figure  4(a)  Illustrates  the  profile  across  the  array  at 
various  times;  figure  4(b)  shows  the  behavior  of  two  particular  cells.  When 
the  biasing  voltage  was  first  applied,  both  the  Interconnects  and  the  cover- 
slides  went  to  the  applied  potential  (l.e.,  the  coverslldes  had  no  net  charge). 
The  coverslldes  then  slowly  accumulated  positive  charge  and  approached  a 
slightly  positive  potential.  The  potential  of  the  surrounding  Kapton  changed 
relatively  rapidly  because  of  Its  lower  capacitance  to  the  Interconnects.  On 
the  array  Itself  the  central  coverslldes  charged  rapidly,  with  those  cover- 
slides  closest  to  the  plasma  source  charging  most  rapidly.  This  effect  was 
probably  related  to  the  array's  vertical  orientation  In  the  tank.  When  the 
array  was  vertical,  the  door  of  the  tank  was  about  1  m  In  front  of  It  and  the 
center  charged  most  rapidly.  In  a  horizontal  orientation,  the  edges  of  the 
array  charged  most  rapidly,  with  the  wall  of  the  tank  being  about  0.4  to  0.5  m 


above  the  array.  This  bahavlor  was  apparently  a  consequence  of  the  relevant 
characteristic  lengths  of  the  plasm  being  of  the  sane  order  of  magnitude  as 
the  dimensions  of  the  tank.  This  particular  charging  feature  Is  not  expected 
In  space. 

The  coverslldes  tended  to  charge  to  a  slightly  positive  potential,  4  to 
10  V.  They  simply  charged  to  the  plasm  potential.  At  high  bias  voltages 
fluctuations  In  potential  across  the  array  appeared  and  tended  to  get  more 
pronounced  at  higher  biases,  as  shown  In  table  I.  These  fluctuations  suggest 
that  the  local  plasma  potentials  near  the  array  are  becoming  nonuniform. 

At  higher  Ion  densities  the  behavior  of  the  coversllde  potential  was  sub¬ 
stantially  different  (fig.  S).  Initially  the  coverslldes  charged  rapidly  to  a 
slightly  positive  potential  (the  plasma  potential),  but  the  coverslldes  then 
slowly  became  negative,  and  the  potential  across  the  array  began  to  fluctuate. 
At  higher  negative  biases  and  higher  Ion  densities,  the  average  coversllde 
potential  was  more  negative,  and  the  fluctuations  became  more  substantial. 

This  Is  demonstrated  In  table  1,  where  the  high  standard  deviations  Indicate 
significant  variations  In  potential  across  the  array.  Under  these  conditions 
discharges  can  occur. 

The  fluctuations  In  potential  across  the  array  can  be  used  to  Identify 
sites  associated  with  discharges.  The  potentials  of  the  two  coverslldes  at  1 
and  3  cm  (fig.  5(a))  became  Increasingly  negative  between  300  and  900  sec. 
After  a  discharge  at  1189  sec  this  feature  disappeared,  an  Indication  that  the 
discharge  occurred  near  this  region  of  the  array. 

In  several  cases  discharges  occurred  while  the  electrostatic  probe  was 
measuring  the  surface  potential,  from  these  cases  (fig.  5)  It  Is  apparent 
that  the  coverslldes  attained  nearly  the  Interconnect  potential  at  the  time  of 
the  discharge  and  then  recharged  to  ground.  Since  not  all  of  the  features  In 
the  potential  profile  were  changed,  the  discharge  was  apparently  a  local 
effect. 
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The  shapes  of  the  potential  profile  near  an  Interconnect  are  shown  under 
conditions  that  do  not  (fig.  7)  and  do  (fig.  8)  cause  discharges.  Figure  7 
shows  the  measured  voltage  profile  at  an  Interconnect  at  low  Ion  density  for 
biases  of  both  -800  and  -1400  V  (l.e.,  conditions  where  no  discharges  were 
detected).  The  spatial  resolution  of  the  electrostatic  probe  Is  poor  compared 
with  the  size  of  an  Interconnect,  and  the  distances  between  positions  where  the 
potentials  are  read  were  long  compared  with  the  width  of  the  Interconnects. 
However,  data  from  separate  probe  sweeps  were  consistent  with  each  other. 

Oata  from  separate  sweeps  could  be  aligned  by  calculating  the  position  of  the 
negative  peak  from  the  curvature  at  the  three  most  negative  points.  Mhen 
aligned  In  this  way,  the  data  constructed  a  consistent  view  of  the  potential 
In  the  region  of  the  Interconnect.  In  fact,  there  were  no  measurable  differ¬ 
ences  between  the  two  profiles  when  the  -800-V  profile  was  normalized  to  the 
-1400-V  profile  by  using  an  appropriate  scaling  factor  of  14/8. 

Figure  8(a)  shows  the  profile  at  an  Interconnect  biased  to  -1000  V  under 
conditions  where  discharges  were  detected.  The  primary  difference  between 
profiles  obtained  at  different  times  was  that  the  average  potential  of  the 


coverslldes  shifted.  In  figure  8(b)  the  data  points  for  this  cast  art  super¬ 
imposed  on  and  compared  with  the  profile  when  no  discharges  were  seen  (-800  V). 
The  difference  between  these  two  sets  of  data  was  primarily  due  to  the  cover- 
slide  potentials. 

The  hypothosls  proposed  by  Stevens  et  al.  (ref.  4)  that  discharges  are 
related  to  the  potential  gradient  between  the  coverslldes  and  the  Interconnects 
Is  not  supported  by  this  work.  At  low  Ion  densities  no  discharges  were  seen 
even  though  the  covers) Ida  potentials  reached  ground  and  the  bias  was  very  neg¬ 
ative.  In  contrast,  under  discharge-prone  conditions,  discharges  were  more 
likely  to  occur  when  the  coverslldes  were  at  a  substantially  negative  potential 
rather  than  when  their  potentials  were  near  ground  or  slightly  positive.  The 
electric  fields  did  not  appear  to  change  significantly.  The  spatial  resolution 
of  the  measurement  was  millimeters,  so  this  observation  was  not  conclusive. 

In  fact,  these  measurements  show  that  the  electric  field  was  above  10*  V/m. 

Out  because  the  coverslldes  were  more  negative,  and  the  change  In  voltage  less 
under  conditions  where  discharges  occurred  than  when  they  did  not,  the  hypoth¬ 
esis  was  not  supported. 

Similar  conclusions  were  drawn  with  respect  to  the  other  hypothesis  ad¬ 
vanced  here,  that  focusing  of  the  attracted  Ions  near  the  Interconnect  Is  Im¬ 
portant  to  the  discharge  mechanism.  Changes  In  the  surface  potentials  near 
the  Interconnects  would  permit  the  Ion-focusing  characteristics  of  the  Inter¬ 
connect  to  change.  At  low  Ion  densities  the  profile  of  the  potential  near  the 
Interconnects  did  not  change  with  bias  voltage,  within  the  resolution  of  the 
ew?er1ment. 

In  cases  where  discharges  occurred  (fig.  8),  the  behavior  was  less  con¬ 
clusive.  The  shape  obviously  changed,  yet  the  variations  were  primarily  due 
to  shifts  In  the  coversllde  potential.  The  width  of  the  Interconnect  region 
did  not  change  significantly.  If  the  potential  profile  did  change,  It  was 
only  over  distances  as  small  as,  or  smaller  then,  the  Interconnect  width. 
Therefore  the  size  of  the  region  over  which  focusing  could  change  was  small. 
This  work  produced  no  evidence  that  Ion  focusing  near  an  Interconnect  Is  Im¬ 
portant  to  discharging. 

These  data  do  Indicate  thet  discharges  occurred  when  the  average  cover- 
slide  potential  was  more  negative  than  -4  V,  regardless  of  bias  voltage, 
rigure  )  shows  the  average  coversllde  potentlel  as  well  as  Its  standard  devia¬ 
tion  at  various  Interconnect  biases,  for  different  plasma  conditions.  In 
addition  the  number  of  discharges  In  a  half-hour  run  Is  shown  for  those  cases 
where  discharges  occurred.  This  average  was  determined  by  the  Ion  density  and 
the  bias  voltage,  except  for  the  single  case  of  a  discharge  at  -600  V,  all 
discharges  occurred  when  some  coverslldes  were  negative. 

The  charged-particle  environment  near  the  array  became  negative  under  con¬ 
ditions  where  discharges  can  occur.  The  current  to  the  grounded  sensor  became 
negative,  and  the  coversllde  potential  became  negative  by  several  tens  of  volts 
locally.  Two  reasons  are  suggested  for  this  behavior:  the  Increase  In  nega¬ 
tive  charge  density  could  be  due  to  secondary  electron  emission  from  Ion  colli¬ 
sions  with  the  array,  or  It  could  Indicate  that  Interconnects  at  high  negative 
biases  have  more  of  an  Influence  on  the  shape  of  the  sheath  near  the  array  at 
high  densities  that  at  low  densities  and  that  the  shape  of  the  sheath  has  an 
Important  role  In  the  occurrence  of  discharges. 
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The  second  suggestion  soms  to  bo  tho  more  likely  of  *he  two.  Tho  elec- 
tron  Mission  could  not  bo  frM  tho  coverslldes,  since  they  approached  a 
roughly  equilibrium  potential.  This  Mission  could  occur  only  near  tho  Inter¬ 
connects,  and  this  would  limit  the  amount  of  Mission  available  for  a  dis¬ 
charge.  Also  since  the  secondary  electron  yields  for  Ions  on  metals  are  low, 
Ion  collection  should  not  Induce  significant  electron  Mission.  An  Instability 
In  the  plasma,  however,  might  be  able  to  access  the  large  amounts  of  charge 
frM  the  plasma  used  In  a  discharge. 


CONCLUSIONS 

The  data  collected  In  this  work  have  been  examined  In  an  effort  to  iden¬ 
tify  the  mechanism  Initiating  discharges  on  biased  solar  arrays  In  a  plasma. 

The  evidence  submitted  does  not  support  either  of  the  two  hypotheses  examined. 
The  potential  gradient  near  an  Interconnect  was  not  directly  responsible  for 
the  discharges.  At  very  low  plasma  densities,  biases  as  large  as  -1400  V  did 
not  result  In  discharges  even  though  the  covers  1 1des  charged  slightly  positive. 
With  a  resolution  of  the  order  of  millimeters,  the  distance  over  which  the 
potential  changed  with  no  discharges  resulting  was  no  different  than  the  dis¬ 
tance  for  cases  that  resulted  In  discharges.  In  addition,  the  electric  field 
near  the  Interconnects  was  greater  when  no  discharges  were  seen  than  when  they 
were  seen. 

Tocuslng  of  attracted  Ions  probably  does  not  play  an  Important  role  In 
the  Initiation  of  discharges.  Again,  the  shape  of  the  potential  profile  near 
the  Interconnect  did  not  change  appreciably,  on  a  scale  of  millimeters,  between 
conditions  that  produced  discharges  and  those  that  did  not. 

Both  the  plasma  and  dielectric  surfaces  seemed  to  play  Important  roles  In 
the  Initiation  of  discharges.  Before  discharges  occurred,  the  coverslldes  on 
the  array  became  negative.  This  indicated  that  changes  In  the  plasma  sheath 
were  taking  place,  which  In  turn  suggested  that  the  plasma  Itself  was  playing 
an  Important  role  In  the  appearance  of  discharges  on  high-voltage  arrays.  The 
plasma  was  not  simply  supplying  charge  to  the  process  but  might  have  been 
driving  the  discharges. 

Turther  work  needs  to  be  done  to  verify  these  observations.  Tlrst,  the 
work  should  be  carried  out  under  better  controlled  and  monitored  conditions. 

The  fluctuations  In  the  coversllde  potentials  should  be  observable  at  lower 
bias  voltages  at  higher  plasma  densities.  In  addition,  theoretical  work  should 
be  done  to  discover  If  plasma  Instaollltles  can  exist  under  these  conditions. 
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DESIGN  GUIDELINES  FOR  ASSESSING  AND  CONTROLLING  SPACECRAFT  CHARGING  EFFECTS 
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Experience  has  Indicated  a  need  for  uniform  criteria,  or  guidelines,  to 
be  used  In  all  phases  of  spacecraft  design.  Accordingly,  guidelines  have  been 
developed  for  the  control  of  absolute  and  differential  charging  of  spacecraft 
surfaces  by  the  lower  energy  (less  than  approximately  50  keV)  space  charged- 
particle  environment.  Interior  charging  due  to  higher  energy  particles  was 
not  considered.  The  guidelines  have  beeh  compiled  Into  a  NASA  Technical  Paper 
entitled  "Design  Guidelines  for  Assessing  and  Controlling  Spacecraft  Charging 
Effects,"  NASA  TP-2361. 

The  document  Is  divided  Into  Five  sections:  (1)  spacecraft  charging  con¬ 
cepts  of  Importance  to  the  designer,  (2)  the  modeling  techniques  to  be  used  to 
assess  whether  the  design  Is  adequate  for  environmental  Immunity,  (3)  specific 
guidelines  for  protecting  systems  and  subsystems,  (4)  test  procedures  for  dem¬ 
onstrating  system  Immunity,  and  (5)  active  charge  control  and  monitoring  tech¬ 
niques.  Appendixes  present  Illustrative  examples  and  the  bibliography  lists 
other  documents  for  those  desiring  further  Information  on  specific  topics. 

The  design  guidelines  document  is  to  be  regarded  as  a  guide  to  good  prac¬ 
tices  for  assessing  and  controlling  charging  effects.  It  Is  not  a  NASA  or  Air 
Force  mandatory  requirement  unless  specifically  Included  In  project  specifica¬ 
tions.  It  1$  expected,  however,  that  this  document,  revised  as  experience  may 
Indicate,  will  provide  uniform  design  practices  for  all  space  vehicles.  Copies 
can  be  obtained  by  contacting  Carolyn  K.  Purvis. 
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AEROSPACE  SPACECRAFT-CHARGING  GUIDELINES  DOCUMENT 


J.  F.  Fennell,  D.  F.  Hall,  H.  C.  Koons, 
P.  F.  Mlzera,  and  A.  L.  Vampola 
The  Aerospace  Corporation 
Los  Angeles,  California  90009 


A  short  summary  document  on  spacecraft  charging  has  been  prepared  for  use  by 
engineers  In  the  various  Aerospace  Corporation  program  offices  that  support  Air 
Force  Space  Division  programs.  The  document  outlines  the  magnetospherlc  charg¬ 
ing  environment  at  near-geosynchronous  altitudes,  discusses  the  mechanisms  of 
charging  and  discharging,  and  presents  statistical  results  from  the  P78-2 
(SCATHA)  satellite  engineering  experiments.  The  document  Is  Intended  to  be  a 
layman's  source  for  charging  Information  and  for  design  guidance  and  criteria. 
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With  the  development  and  use  of  charged  particle  sources  for  controlling  space¬ 
craft  potentials  there  Is  a  need  to  better  understand  the  effects  of  these  systems 
on  spacecraft  operations.  The  emission  of  charged  particles  perturbs  the  spacecraft 
environment  and  signals  are  generated  which  may  Interfere  with  other  vehicle  functions. 
In  particular,  the  generated  signals  are  apt  to  interfere  with  detectors  for  observing 
waves  that  exist  naturally  In  the  space  environment.  Examples  of  this  type  of  Inter¬ 
ference  are  presented  from  the  SCATHA  satellite  during  a  period  when  the  vehicle  was 
highly  charged.  A  plasma  source  on  board  the  spacecraft  succeeded  In  discharging 
the  vehicle  with  each  of  four  different  operating  modes.  The  VLF  broadband  receiver 
on  SCATHA  detected  Interference  over  the  entire  0-5  kHz  range  of  both  the  electric 
and  magnetic  field  detectors  ourlng  these  charged  particle  emissions.  This  frequency 
range  Includes  the  2  kHz  electron  gyrofrequency  but  Is  below  the  9  kHz  electron  plasma 
frequency.  The  observations  suggest  that  Interference  occurs  through  Introduction 
of  anomalous  signals,  and  through  suppression  of  background  field  measurements. 


INTRODUCTION 


The  development  of  active  means  for  controlling  spacecraft  potentials  Is  moti¬ 
vated  from  both  engineering  and  scientific  considerations.  Large  spacecraft  potentials 
may  be  responsible  for  operational  anomalies  (ref.  1  and  references  therein)  and  may 
Interfere  with  measurements  of  the  characteristics  of  the  cold  plasma  embedded  In 
the  plasma  sheet.  The  cold  plasma  plays  a  significant  role  In  providing  neutralizing 
currents  to  spacecraft  (ref.  1).  It  also  acts  as  a  catalyst  for  the  generation  of 
wave  turbulence  In  the  plasma  sheet  (ref.  2  and  3).  The  waves  cause  energetic 
electrons  to  diffuse  In  pitch  angle  (ref .4  and  5).  The  lifetime  of  the  charging 
environment  should  then  be  controlled  by  the  diffusion  rate  of  these  electrons. 

Thus,  exact  measurements  of  the  low  density,  cold  plasma  component  In  the  plasma 
sheet  Is  required  both  for  specifying  severe  charging  environments  and  for  modelling 
their  dynamics.  Unfortunately,  the  densities  and  temperatures  of  the  cold  electron 
and  1/>n  populations  can  only  be  measured  If  the  satellite  potential' Is  maintained  at 
low  values  relative  to  the  plasma. 


*Th1s  work  was  supported  In  part  by  Air  Fbrce  Contract  F19628-81-K-0011. 
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Charge  ejection  systems  have  been  proposed  for  satellite  missions  to  facilitate 
measurement  of  cold  plasma  fluxes  by  actively  maintaining  the  entire  satellite  close 
to  plasma  potential.  Purvis  and  Bartlett  (ref.  6)  have  pointed  out  that  during  a 
92-hour  period  of  continuous  charged  particle  ejection  by  ATS-6,  no  spacecraft  charging 
events  were  detected,  although  several  plasma  Injection  events  were  encountered. 
Experience  with  slmlllar  Injection  events  suggests  that  If  the  charge  ejection  system 
had  not  been  operating,  severe  charging  would  have  occurred. 


Electron  beam  and  plasma  beam  systems  were  put  on  the  SCATHA  satellite  to  study 
the  discharging  of  satellites  near  geostationary  orbit.  During  the  satellite-eclipse 
period  of  24  April  1C79,  SCATHA  encountered  such  an  environment  and  satellite  potentials 
as  low  as  -8  kV  were  measured  (ref.  7).  Attempts  were  made  to  discharge  the  vehicle 
using  both  beam  systems.  The  electron  beam  system  was  able  to  raise  the  vehicle 
potential  to  -1  kV,  but  not  bring  about  complete  discharge.  During  periods  of  plasma- 
beam  emissions  the  vehicle  was  completely  discharged. 


Few,  If  any,  direct  measurements  of  electromagnetic  Interference  (EMI)  generated 
during  plasma  beam  operations  have  been  published  In  the  technical  literature.  The 
purpose  of  this  report  Is  to  consider  the  Impact  of  EMI  generated  by  the  emitted 
plasma  on  the  operation  of  wave  experiments.  Since  SCATHA  is  equipped  with  a  plasma 
beam  system  and  a  VLF  experiment  capable  of  monitoring  beam-induced  waves,  it  provides 
a  unique  set  of  measurements  for  an  EMI  Impact  assessment.  Even  though  there  are 
major  differences  between  the  plasma-beam  system  flown  on  SCATHA  and  the  charge 
ejection  systems  proposed  for  vehicle  potential  control,  these  measurements  should 
have  relevance  for  a  satellite  that  will  spend  a  significant  fraction  of  Its  life  In 
plasma  sheet  environments  slmlllar  to  those  encountered  by  SCATHA. 


In  the  following  section  the  plasma  beam  and  VLF  Instruments  on  SCATHA  are 
described.  The  observations  section  examines  VLF  measurements  taken  during  the  eclipse 
period  of  24  April  (day  114)  1979.  In  a  fifteen-minute  period  of  Intermittent  plasma-beai' 
emissions,  four  different  modes  of  plasma  emissions  successfully  discharged  the 
vehicle. 


I 


INSTRUMENTATION 


r 


i 


SCATHA  was  launched  In  January,  1979,  Into  a  near-geosynchronous  (23  hour,  35- 
minute),  near  equatorial  orbit  with  a  7.9  degree  Inclination.  The  satellite  Is 
cylindrical  In  shape,  spin-stabilized,  with  a  period  of  rotation  of  about  58  seconds. 
The  spin  axis  Is  In  the  orbital  plane  and  Is  maintained  normal  to  the  earth-sun  line 


within  ^  5  degrees.  The  satellite  orbit  has  apogee  of  7.8  Re  (earth  radii 
perigee  of  5.3  R£.  During  the  spring  and  fall  the  satellite  enters  an  eel 
season,  a  period  In  which  a  portion  of  each  orbit  intersects  the  earth's  shadow.  The 
maximum  eclipse  duration  per  orbit  Is  71  minutes. 


and 

pse 


The  SC4-2  Instrument  on  the  SCATHA  satellite  was  developed  to  eject  currents 
of  positive  and  negative  charge  either  separately  or  together.  The  major  elements 
of  the  system  are  a  xenon  gas  storage  reservoir,  a  feed  line  from  the  reservoir  to 
a  hollow  cathode,  a  discharge  chamber,  Ion  optics,  a  filament  neutralizer,  and  support¬ 
ing  electronics.  A  functional  block  diagram  of  the  SC4-2  payload  Is  shown  In  Figure  1. 
(>i  command,  gas  from  the  reservoir  Is  fed  through  the  hollow  cathode  and  Into  the 
discharge  chamber.  Ions  are  produced  In  the  discharge  chamber  by  the  Impact  of 
electrons  from  the  heated  cathode  with  neutral  xenon  atoms.  The  Ion  energy  Is  deter¬ 
mined  by  both  the  anode-cathode  potential  difference  and  the  chamber  (screen)  potential 
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relative  to  spacecraft  ground.  The  Ions  could  be  ejected  from  the  SC4-2  with  low 
(eV),  as  well  as  high  (keV),  energies.  The  neutralizer  could  be  Independently  commanded 
to  be  heated,  biased  with  respect  to  spacecraft  ground,  or  both.  Wide  dynamic-range 
electrometers  permit  measurements  of  the  Ion  current  from  the  beam  power  supply,  the 
electron  current  from  the  neutralizer  emission,  and  the  net  emitted  current. 

The  SCI  Instrument  on  SCATHA  Includes  a  very-low-frequency  (VLF)  wave  analyzer 
capable  of  taking  broadband  measurements  of  electrostatic  and  electromagnetic  emissions 
from  0-6  kHz.  A  100  meter  tlp-to-tlp  dipole  antenna  (SC10)  detects  the  electric 
field  component  (E),  and  an  air-core  loop  detects  the  magnetic  field  component  (B) 
of  the  waves.  The  SC10  antenna  consists  of  two  50  meter,  1/4  Inch  diameter  antennas 
extending  from  the  spacecraft.  The  sensitivity  of  the  electric  field  receiver  Is  5 
x  10-'  V/m  Hz1/2  at  1.3  kHz.  The  air-core  loop  Is  electrostatically  shielded 
and  has  an  effective  area  of  576  m2  at  1.3  kHz.  It  Is  constructed  of  1530  turns 
of  36  AWG  copper  wire  on  a  form  50  cm  In  diameter.  The  antenna  Is  boom-mounted  two 
meters  from  the  central  portion  of  the  spacecraft.  The  sensitivity  of  the  magnetic 
field  receiver  Is  3  x  10*6  y /H z^/2  at  1.3  kHz.  Prior  to  flight  laboratory 
tests  were  conducted  to  Insure  that  the  Instruments  were  shielded  so  there  would  be 
no  Internally  generated  signals  detected  by  the  E  and  B  antennas.  During  periods  of 
SCI  operations  presented  here  the  wave  environment  was  sampled  alternately  for  periods 
of  16  seconds  duration  with  the  E  and  B  antennas.  Data  are  presented  In  a  frequency 
versus  time  format.  A  grey  scale  Indicates  relative  Intensities  at  a  given  time. 

The  maximum  amplitude  Is  measured  by  the  detector's  automatic  gain  control  (A6C) 
system  four  times  per  second  In  unequal  Intervals.  The  AGC  measurements,  plotted  In 
field  strength  versus  time,  are  given  with  each  data  sample.  In  the  frequency-time 
spectrograms  Information  about  wave  fields  more  than  20  db  below  the  frequency  of 
maximum  amplitude  Is  supressed. 


OBSERVATIONS 


IXirlng  the  period  between  0747;34  and  0801:45  UT  on  24  April  1979  the  SC4-2 
system  on  SCATHA  operated  Intermittently  In  the  plasma-beam  mode.  Throughout  this 
period  the  satellite  was  at  an  altitude  of  -6.7  Rr  In  the  plasma  sheet  and  In  the 
earth's  shadow.  Figure  2  contains  plots  of  the  emitted  Ion  current  (top  panel)  and 
the  satellite  frame  potential  (bottom  panel)  for  the  twelve  minutes  following  0750:10 
UT.  Note  that  when  the  plasma-beam  was  not  operating  the  satellite  potential  ranged 
between  -2  and  -3  kV.  This  potential  was  discharged  during  four  distinct  plasma-beam 
operating  inodes.  The  Ion  and  electron  current  and  energy  levels  connected  with  the 
four  plasma  beam  modes  are  listed  in  Table  1.  Also  listed  In  Table  1  Is  the  range 
of  maximum  amplitudes  measured  by  the  electric  and  magnetic  antennas  during  both 
background  and  beam  operation  Intervals.  These  ranges  were  determined  from  the  gain 
states  of  the  AGC.  Throughout  this  paper  the  word  "background"  denotes  waves  detected 
while  the  discharge  system  was  not  operating. 

To  help  distinguish  beam-induced  EMI  effects  from  background  emissions 
It  Is  useful  to  consider  VLF  measurements  from  the  E  and  B  antennas  prior 
to  beam  turn-on.  The  bottom  portions  of  Figures  3a  and  3b  provide  examples 
of  the  E  and  B  background  measurements,  respectively.  The  curves  In  the  top 
panels  of  these  figures  give  the  AGC  levels  of  maximum  signal  Intensities. 

These  measurements  correspond  to  the  darkest  portions  of  the  0-6  kHz 
spectrograms.  They  are  given  In  db  V  and  \il/m  for  Eim  and  db  y  and  my 
for  Binax.  The  background  signals  consist  of  narrow  bands,  approximately 
200  Hz  In  width  centered  near  0.6  and  1.2  kHz.  The  signal  near  1.2  kHz  Is 
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the  most  Intense.  The  harmonic  bands  near  1.7  and  2.2  kHz  are  believed 
to  be  artifacts  of  ground  station  Instrumentation. 

Examples  of  VLF  signals  as  well  as  and  ^ax  as  measured  during  each  of 
the  four  modes  of  plasma  beam  emissions,  are  presented  in  Figures  4-7.  For  ease  in 
comparing  Intensities  of  fields  measured  during  beam  operations  with  background 
measurements  and  Rnax  from  Figure  3  are  plotted,  represented  by  the  symbol  0, 
with  the  appropriate  beam  mode  (1,  2,  3,  4).  Note  that  AGC  measurements  taken 
Immediately  after  the  receiver  switches  to  the  electric  antenna  do  not  provide  reliable 
values  of  the  electric  fields.  During  these  Intervals  the  AGC  is  searching  for  the 
appropriate  gain  state.  Often  the  appropriate  state  Is  considerably  lower  for  the 
elecrlc  than  the  magnetic  antenna.  This  is  because  the  reference  voltage  is  1.0  V 
for  the  electric  receiver  and  only  300  ]il  for  the  magnetic  receiver.  The  system  is 
designed  such  that  the  receivers  center  on  chorus  emissions  and  permit  the  detection 
of  waves  within  +_  30  db  of  chorus  fields. 

The  mode  }  beam  emissions,  from  0753:12  to  0754:08  and  from  0800:07  to  0801  :45, 
generated  the  largest  amounts  of  EMI.  In  this  mode  ions  were  emitted  with  energies 
of  1  keV  and  currents  between  1.1  and  1.7  mA.  Electrons  were  emitted  from  a  heated 
filament  biased  at  -10V  with  respect  to  the  satellite.  Figures  4a  and  4b  contain 
examples  of  B  and  E  signals  as  well  as  and  Emax  measured  during  mode  1 
operations.  The  magnetic  signal  consists  of  a  band  extending  from  0.5  to  5.0  kHz 
that  has  maximum  intensities  near  1.3  and  3.5  kHz.  Since  the  antenna  response  maximizes 
at  1.3  kHz,  the  greater  Intensity  of  that  signal  band  near  that  frequency  is  partly 
an  artifact  of  of  the  system.  However,  the  null  in  the  noise  band  near  3  kHz  implies 
that  the  double-banded  structure  is  real.  Values  of  Efoax  range  from  40  to  100 
my  and  are  conslstantly  stronger  than  the  background  emissions.  The  electric 
signal  contains  narrow  bands  centered  near  1,  2  and  3  kHz  with  E^x  in  the  20  to 
100  ]il/m  range.  The  bands  that  appear  between  seconds  6  through  8  of  Figure  4 
are  harmonics  of  the  background,  double  band  spectrum.  In  other  mode  1  measurements 
(not  shown)  even  small-scale  rising  tone  features  are  exactly  replicated  in  each  of 
the  bands.  These  multiple  bands  sometimes  span  the  entire  0-6  kHz  bandwidth  of  the 
detector.  The  values  of  Emax  for  the  multiple  bands  lie  between  100  and  400  u  V/m. 
Although  Emax  approaches  background  values  during  these  periods  it  is,  in  general, 
less  than  tne  background  Emax. 

In  the  second  plasma-beam  mode  (0754:08  -  0756:19  UT)  ic.is  were  again  emitted 
with  1  keV  energy  but  at  current  strengths  that  varied  between  0.75  and  0.9  nV\. 

Electrons  were  emitted  with  the  same  filament  bias  of  -10  V  with  currents  slightly 
more  than  1.0  mA.  Magnetic  and  electric  signals  characteristic  of  mode  2  operations 
are  shown  In  Figures  5a  and  c,  and  5b  and  d,  respectively.  Again  the  magnetic  signal 
covers  the  entire  0.5  to  5  kHz  band.  However,  Bmax  which  ranges  from  10  to  100 
my  may  be  either  less  than  or  greater  than  background  values.  Note  that  the  noise 
level  Is  reduced  and  the  background  signal  Intensified  In  the  second  sample.  Figure 
5c,  compared  to  the  first  which  Is  taken  at  the  beginning  of  the  moda.  The  electric 
signal  Is  consistently  weaker  than  the  background  level.  The  stronger  values  of 
Emax  (40  -  200  U//m)  occur  when  background  frequency  signals  are  visible  in 
the  spectrogram.  The  weaker  values  of  E,nax  occur  during  periods  of  0-1  kHz  broadband 
noise.  Note  the  stronger  signals  In  the  second  sample,  Figure  5d,  which  Is  taken  In 
the  latter  portion  of  the  mode  operation.  The  significance  of  these  changes  will  be 
discussed  below. 

The  third  plasma-beam  mode  (0756:19  -  0758:09  UT)  was  characterized  by  Ion 
currents  of  0.04  mA  at  energies  less  than  40  eV.  The  electron  current  was  0.45  mA 
with  the  filament  biased  at  -10  V.  VLF  data  representative  of  this  beam  mode  are 
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presented  In  Figure  6.  The  magnetic  signal  appears  as  a  band,  decreasing  In  Intensity 
with  Increasing  frequency,  covering  the  0.5  to  4  kHz  range.  The  most  intense  signal 
Is  near  1.2  kHz  with  ffoax  between  10  and  20  my  .  This  Is  lower  in  intensity 
than  the  background  signals  of  Figure  3.  Some  narrow  band  signals  are  barely  discernible 
near  2.8,  3  and  5  kHz  between  seconds  0  to  2  and  8  to  13.  The  electric  signal  is 
more  complex.  It  Includes  a  persistent  narrow  band  at  the  background  frequency  of 
1.2  kHz  and  Intermittent  signals  at  0.6,  2.2  and  5  kHz.  Note  also  the  presence  of  a 
multiple  band  near  3  kHz.  The  portion  of  this  spectrogram  between  4  and  6  seconds 
and  9  and  11  seconds  shows  that  the  signal  near  2.8  kHz  can  exceed  the  1.2  kHz  signal 
in  Intensity.  These  periods  are  also  marked  by  the  presence  of  narrow  bands  near 
0.1  kHz.  Throughout  this  plasma-beam  operation  Emax  was  between  40  and  200  uV/m, 
again  less  than  the  intensity  of  background  signals. 

The  fourth  bean  mode  started  at  0759:10  UT  as  a  discharge  in  the  ion  source 
chamber  that  lasted  until  0800:07  UT.  The  current  electrometer  measured  a  net  positive 
current  of  0.01  mA.  The  energy  of  the  ejected  positive  charge  was  <  40  eV.  During 
this  Interval  the  satellite  frame  discharged  from  -2.7  kV  to  within  100  V  of  plasma 
potential.  Corresponding  8  and  E  signals  are  presented  in  Figure  7.  Che  magnetic 
signal  appears  as  a  band  of  variable  intensity,  from  0.5  to  5  kHz,  with  8nax  in 
the  10-30  my  range  near  1.2  kHz.  This  is  similiar  to  but  stronger  in  intensity 
than  signals  detected  during  mode  3  operations.  A  comparison  of  AGC  levels  with  the 
spectrogram  shows  that  in  mode  4  8nax  is  usually  less  than  the  background  level. 
Narrow-band  signals  near  5  kHz  are  visible  when  fy,ax  is  weakest.  The  electric 
signals  also  have  characteristics  similiar  to  those  of  mode  3  operations.  The  mode 
4  electric  signals,  however,  contain  numerous  bursts  that  cross  the  entire  band. 

^ma*  varies  betwen  40  and  200  u  V/m.  The  background  signal  at  1.2  kHz  was 
dominant  during  periods  of  strongest  signals.  During  periods  of  weaker  signals 
(seconds  5  to  7  and  12.5  to  14.5)  the  0.6  kHz  band  and  0  to  .5  kHz  noise  was  dominant. 


SUMMARY  AND  DISCUSSION 


To  provide  a  context  for  interpreting  the  VLF  measurements  presented  above  it 
Is  useful  to  summarize  the  plasma  and  magnetic  field  environment  of  SCATHA.  During 
the  period  of  Interest  the  SCATHA  dc  magnetometer  measured  magnetic  fields  in  the 
75-80  nT  range.  Thus,  the  electron  gyrofrequency ,  f@,  was  ~2  kHz.  There  were  no 
measurements  of  the  cold  plasma  (<  10  eV)  by  SCATHA  Instruments.  The  Rapid  Scan 
j  i  ^ec*or  (SC5)  measurements  of  electrons  and  Ions  with  energies  between  50 
eV  and  1  MeV  have  been  discussed  In  reference  7.  During  the  period  of  spacecraft 
charging  the  density  of  plasma  sheet  electrons  In  the  energy  range  of  detectability 
was  between  0.5  and  1  cm-3.  Corresponding  plasma  frequencies  and  upper  hybrid 
frequencies,  which  lie  In  the  6.3  to  10  kHz  range,  cannot  be  detected  by  the  SCATHA 
VLF  receiver.  It  Is  Interesting  to  note  that  the  charging  period  corresponded  to  an 
Injection  of  high  energy  (30  -  335  keV)  electrons  whose  combined  fluxes  strongly 
correlated  with  the  satellite  potential.  Electrons  in  this  energy  range  were  highly 
anisotropic  with  maximum  fluxes  perpendicular  to  the  magnetic  field. 

.  k  background  signals  shown  In  Figure  3  consist  of  a  double  band  that  appears 
in  both  the  electric  and  magnetic  field  spectrograms.  Thus,  they  are  electromagnetic 
££*ber  than  electrostatic  phenomena.  The  frequencies  are  centered  at  0.6  and  1.1 

a  nu  1  near  ^e •  There  is  a  weaker  double  band  with  a  similar  structure 
with  frequencies  centered  at  1.7  and  2*2  kHz  and  a  null  near  f«  that  is  considered 
to  be  an  artifact  of  the  ground  station  Instrumentation. 
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Tilt  double-banded  electromagnetic  amissions  with  a  null  near  0.5  fe  ara  a  form 
of  magnatospharlc  chorus  that  has  bean  discussed  extensively  In  the  literature  (refs. 
8.H).  There  Is  general  agreement  that  chorus  emissions  result  from  a  Doppler-shifted,  j 
cyclotron  resonance  between  anlsotroplcally  distributed,  energetic  electrons  and 
generally  present  background,  electromagnetic  noise.  The  energy  of  resonant  electrons, 
derived  in  reference  4,  Is: 

£*  ■£  <v  <’  ■  ■ -fc> 3 

With  the  observed  magnetic  field  75-80  nT  and  electron  densities  0.5  -  1.0  enr3  j 
the  magnetic  energy  density  per  particle  lies  between  14  and  32  keV.  Setting  f  ■  .5  f#  I 
we  estimate  a  band  of  resonant  energies  extending  from  3.5  to  8  keV.  Electron  measure¬ 
ments  from  this  period  reported  In  reference  7,  show  that  anisotropic  electrons  In 
this  energy  range  were  present  In  abundance.  To  the  best  of  our  knowledge,  there  Is 
no  generally  accepted  explanation  for  the  missing  emission  band  near  0.5  fe. 

Examples  of  the  effects  of  plasma  beam  emissions  on  the  detection  of  electric  and 
magnetic  signals  at  VLF  frequencies  have  been  presented  In  Figures  4-7.  Before  the 
plasma  beams  were  ejected,  between  beam  emissions  and  after  beam  turn-off,  the  vehicle 
was  charged  several  kilovolts  and  discrete,  narrow-band  emissions  were  detected  by 
the  electric  and  magnetic  receivers.  As  shown  In  Table  1  the  values  of  Efflax  «nd 
Bfflax*  with  no  beam  emissions  were  In  the  ranges  200-600  \H/m  and  20-60  my  , 
respectively.  To  varying  degrees  the  detection  of  background  electric  and  magnetic 
VLF  signals  was  compromised  during  four  distinct  modes  of  plasma-beam  operations 
that  discharged  the  satellite.  During  beam  operations  magnetic  spectrograms  were 
characterized  by  broad  bands  extending  from  0.5  to  5  kHz  that  make  visual  Identifi¬ 
cation  of  background  signals  difficult.  The  Intensity  of  Bm*x  varied  with  the 
strength  and  duration  of  the  emitted  current.  The  electric  field  spectrograms  more 
readily  provide  Information  about  background  signals.  The  narrowband,  background 
signal  near  1.2  kHz  Is  nearly  always  present.  However,  there  are  electric  field 
signals  at  other  than  "background"  frequencies.  The  AQC  measurements,  summarized  In 
Table  1  show  that  Emix  was  consistently  lower  with  the  beam  on  than 
during  beam-off  periods. 

Before  considering  the  wave  measurements  during  beam  operations,  It  Is  useful 
to  attempt  a  description  of  the  zero-order  effects  of  the  plasma  beam  In  the 
Immediate  vicinity  of  the  satellite  and  the  VLF  sensors.  There  Is  evidence  from 
the  active  potential  control  experiments  on  ATS- 5,  ATS-6  and  SCATHA  that  plasma 
beams  are  successful  in  discharging  differentially  charged  surfaces  as  well  as  the 
conducting  frame  of  the  satellite  (refs.  6  and  15).  From  an  analysis  of  SCATHA 
experimental  data,  In  reference  15  It  Is  shown  that  different  physical  processes 
must  be  responsible  In  each  case.  To  begin  with,  the  plasma  beam  must  be  dispersed 
such  that  a  cloud  eventually  envelopes  the  whole  satellite.  To  discharge  the 
negatively  charged  satellite  frame  most  beam  electrons  must  escape  to  Infinity. 

The  discharge  of  dielectric  surfaces  requires  that  positive  Ions  from  the  emitted 
beam  Impact  these  surfaces  In  sufficient  numbers  to  neutralize  negative  charges 
deposited  from  the  magnetospherl c  plasma.  Secondary  electrons  from  the  Impacting 
beam  inns  and  magnetospherl c  electrons  probably  play  crucial  roles  In  this 
discharging  procedure.  Whatever  the  details  of  the  discharging  process  may  be,  two 
things  are  clearly  required.  First,  the  sheath  In  the  Immediate  vicinity  of  the 
satellite  Is  transformed  from  a  depleted  plasma  to  an  enhanced  plasma.  The  extent 
of  the  enhancement  sheath  Is  not  known.  Second,  the  near  satellite  enhancement 


region  Is  characterized  by  multiple,  complex  current  loops  that  couple  dielectric 
surfaces  with  the  magnetospherlc  plasma  and  the  satellite  frame.  Recall  that  the 
air  core  loop  Is  located  2  n  from  the  satellite  while  the  active  element  of  the 
electric  field  antenna  extends  from  20  to  SO  m  from  the  satellite.  If  the  scale 
size  of  the  plasme-enhanced  region  is  less  than  SO  m  very  different  affects  on  the 
two  systems  may  be  anticipated. 

The  magnetic  spectrograms  are  dominated  by  wide  bands  that  extend  from  0.5  to 
S  kHz.  The  apparent  low  frequency  cut  off  Is  an  Instrumental  effect.  At  frequencies 
less  than  1  kHz  the  frequency  response  of  the  magnetic  VLF  receiver  decreases  rapidly 
with  decreasing  frequency  (cf  Figure  2  of  ref.  14).  The  presence  of  an  enhanced 
plasma  In  the  Immediate  vicinity  of  the  satellite  should  of  itself,  have  no  effect 
on  the  performance  of  the  low  Impedance  loop  antenna  (ref.  16).  Rather,  the  data 
suggest  that  the  air  core  loop  Is  embedded  In  a  dense  region  of  fluctuating  currents 
Inherent  to  the  satellite  discharge  process.  These  bands  may  have  harmonic  structure 
(figures  4a  and  5a)  with  Intensity  exceeding  that  of  the  background  signals.  The 
signal  strength  Intensifies  just  below  the  first  and  second  harmonics  of  the  electron 
gyrofrequency;  l.e.,  2  kHz  and  4  kHz,  respectively.  Une  possible  explanation  comes 
from  Ohnuma.  et  al. .  (ref.  17).  They  have  shown  that  in  a  high  density,  hot  plasma, 
electromagnetic  waves  may  be  generated  at  these  harmonics.  These  waves  are  back- 
scattered  at  some  critical  low  density  which  Implies  they  would  be  confined  to  the 
enhanced  sheath  region  around  the  satellite. 

Structured  emissions  are  detectable,  to  varying  degrees  during  all  beam  operations 
but  are  more  easily  perceived  In  the  electric  field  spectrograms.  These  emissions 
have  five  different  kinds  of  signatures:  (1)  chorus  emissions  centered  at  .6,  and 
1.2  kHz,  (2)  chorus  harmonic  bands, (3)  narrow  bands  near  3  and  5  kHz,  (4)  multiple 
bands  near  3  kHz,  and  (5)  0  to  .5  kHz  ELF  bands.  The  background  chorus  signals 
centered  at  1.1  kHz  were  present  a  large  fraction  of  the  time  while  those  at  0.6  kHz 
were  less  frequently  detectable.  Intensities  of  chorus  signals  were  usually  well 
below  those  measured  when  the  beam  system  was  off.  The  diminished  and  sometimes 
totally  suppressed  chorus  seems  to  be  related  to  the  beam  emission  process  rather 
than  to  variations  In  the  emitting  plasma.  This  Is  evidenced  by  the  relative  constancy 
of  (1)  EMM  *nd  ^nax  "hen  the  beam  was  off  and  (2)  the  flux  levels  and  pitch 
angle  distributions  of  electrons  In  the  resonant  energy  range  of  5  to  10  ketf.  A 
possible  mechanism  for  reducing  chorus  Intensity  measurements  Is  discussed  below. 

Multiple  harmonics  of  chorus  emissions  are  occasionally  detected  during  mode  1 
operations,  and  are  most  visible  on  the  electric  field  spectrograms  (figure  4b). 

The  fact  that  multiple  harmonics  only  appear  during  a  specific  mode  of  operation  and 
have  never  been  detected  outside  beam  operations  suggests  that  they  are  artifacts  of 
the  beam  emission  process.  How  they  are  produced  Is  not  understood  at  this  time. 

It  may  be  that  the  beam  emission  which  Is  highly  anisotropic  occurring  at  pitch 
angles  of  70o>140°,  or  the  vehicle  discharging  process,  create  sufficiently  energetic, 
anisotropic  electrons  to  produce  cyclotron  harmonic  resonances  as  discussed  In  refer¬ 
ences  4  and  18,  which  In  turn  may  produce  harmonics  of  chorus  emissions.  In  the 
near  vicinity  of  the  satellite,  the  high  current  emissions  ere  shown  to  Intensify 
the  1.2  kHz  signal  (figures  4a  and  5a). 

At  sometime  during  all  four  modes  of  plasm-beam  operations  narrow  bands  near 
3  kHz  are  visible  In  the  spectrograms.  A  similar  band  at  5  kHz  1$  detectable 
Intermittently  during  modes  3  and  4.  These  signals  are  present  In  both  the 
electric  and  magnetic  spectrograms.  They  appear  to  he  electron  cyclotron  harmonic 
(ECH)  waves.  Have  modes  of  these  types  propagate  nearly  perpendicular  to  the 
magnetic  field  between  harmonics  of  the  electron  gyrofrequency  and  may  be  associated 
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with  positive  slopes  In  the  electron  distribution  function  (  af/ivj,  >  0). 

However,  the  responsible  electrons  have  energies  considerably  lower  than  those  responsible 
for  chorus  waves  (ref.  2).  We  note  that  on  several  occasions  the  appearance 
of  ECH  waves  coincided  with  the  complete  suppression  of  the  1.2  kHz  chorus  band. 

The  observation  of  a  magnetic  component  Is  contrary  to  other  observations  In 
space  (ref.  3)  and  Is  not  yet  understood.  The  ECH  waves  are  assumed  to  have 
long  wavelengths,  much  greater  th*n  the  50  cm  diameter  of  the  magnetic  loop  antenna. 
Therefore,  there  should  be  no  coupling  of  the  wave  electric  fields  to  this  antenna. 

It  may  be,  however,  that  these  waves  generate  local  current  oscillations  In  the 
satellite  sheath  In  which  the  magnetic  antenna  Is  Imbedded.  These  oscillations 
would  occur  at  the  same  frequency  as  those  of  the  naturally  occurring  ECH  waves. 

During  the  entire  mode  3  and  seconds  11  to  16  of  mode  4,  multiple  bands  are 
detected  near  3/2  fc.  Similar  multiple  bands  have  been  reported  by  Koons  and 
fennel 1 .  (ref.  20).  They  are  usually  associated  with  electrons  at  energies  of  a 
few  kev  whose  distribution  functions  have  relative  minima  at  pitch  angles  of  90°. 

We  have  examined  particle  measurements  and  found  that  at  the  times  of  modes  3  and 
4,  electrons  with  energies  of  ~  1  keV  had  trapped  pitch  angle  distributions  but 
with  a  local  minimum  at  90*.  Electrons  In  all  other  energy  channels  have  normally 
trapped  distributions. 

Sporadic  emissions  of  signals  In  the  0  to  .5  kHz  range  were  detected  during 
all  four  beam  modes  on  the  electric  field  spectrograms.  Similar  EI.F  bursts  have 
been  detected  (ref.  private  communication,  1982)  during  beam-off  periods.  Again  we 
note  that  several  of  these  bursts  (figures  5  and  7)  coincide  with  periods  In  which 
the  1.2  kHz  signal  Is  completely  suppressed. 


Since  the  ECH  and  ELF  emissions  naturally  occur  In  plasma  sheet  environments 
this  Is  probably  true  in  the  present  case  as  well.  Their  appearances  during  beam 
operations  frequently  coincide  with  low  amplitudes  or  absences  In  the  chorus  bands. 

This  suggests  that  when  the  beam  system  Is  not  operating  the  ECH  and  ELF  waves  are 
more  than  20  db  below  background  chorus  Intensities.  Only  when  the  level  of  detected 
chorus  signals  Is  diminished  or  supressed  does  the  AGC  react  to  the  presence  of 
these  waves.  The  question  of  beam  related  ENI  thus  becomes,  how  does  the  beam  emission 
process  lead  to  diminished  chorus  measurements  by  the  antenna  systems.  Two  possible 
mechanisms  come  to  mind:  (1)  dlmlnshed  antenna  coupling  between  the  antenna  and  the 
medium,  and  (2)  Interactions  between  the  chorus  and  the  plasma  cloud  around  the 
satellite. 

The  first  alternative,  diminished  antenna  coupling  with  the  medium  applies  only 
to  the  electric  antenna  and  does  not  seem  to  be  correct  for  two  reasons.  First, 
during  beam  emission  periods  the  density  of  particles  In  the  sheath  around  the  antenna 
should  be  Increased.  This  leads  to  a  decreased  sheath  Impedance  (ref.  16)  and 
better  coupling  to  the  medium  (ref.  21).  Second,  there  Is  no  reason  for  the  antenna 
to  be  coupled  efficiently  to  the  medium  at  0.0  to  0.5  kHz  and  at  3  kHz  and  Inefficiently 
coupled  at  1.2  kHz. 

The  vehicle  discharging  process  results  In  the  emission  of  secondary  electrons 
from  dielectric  surfaces.  In  reference  15  It  Is  shown  that  these  surfaces  discharge 
at  different  rates  based  on  surface  material  and  location.  Independent  of  material, 
a  surface  which  was  readily  accessible  to  beam  Ions  would  discharge  more  rapidly 
than  one  that  was  In  a  less  accessible  location  on  the  satellite.  The  discharging 
of  the  satellite  frame  was  almost  Instantaneous  whereas  tha  rate  for  each  sample 
varied  such  that  discharging  occurred  over  a  period  on  the  order  of  minutes.  This 

400 


P  V 


Indicates  that  secondary  electrons  are  emitted  over  this  entire  period  with  varied 
and  decreasing  energies  depending  on  the  particular  surface  from  which  they  were 
emitted.  Its  location  and  rate  of  discharge.  These  electrons  would  produce  a  cloud 
of  varied  length  and  diameter  that  decreased  In  time.  This  Is  Indicated  by  comparing 
the  two  samples  of  mode  2.  The  first  sample  shows  considerable  suppression  of  the 
background  signal  on  the  £  and  B  spectrograms  even  with  a  reduced  noise  level  on  the 
B  spectrogram.  The  second  sample  Indicates  a  greater  variability  In  the  plasma 
cloud  permitting  more  of  the  background  signal  to  penetrate  on  the  E  spectrogram  and 
Intensification  of  the  1.2  kHz  signal  on  the  B  spectrogram. 

The  direction  of  wave  propagation  for  chorus  and  ECH  waves  combined  with  an 
assymetry  of  the  local  plasma  could  could  lead  to  a  selective  diminution  of 
chorus.  Chorus  waves  usually  propagate  In  directions  close  to  that  of  the  magnetic 
field  while  ECH  waves  propagate  mostly  normal  to  the  magnetic  field.  Because 
particles  In  the  plasma  cloud  emitted  during  beam  operations  are  relatively  free  to 
move  along  but  not  across  the  magnetic  field  the  cloud  could  have  a  relatively 
large  extent  along  the  magnetic  field.  Waves  propagating  along  the  magnetic  field 
could  see  an  "optically  thick"  medium  while  those  propagating  across  the  magnetic 
field  an  "optically  thin"  medium. 

Chorus  waves  amplify  due  to  the  presence  of  free  energy  contained  In  the 
anisotropic  pitch  angle  distributions  of  resonant,  energetic  electrons.  They  are 
also  subject  to  Landau  damping  processes,  Waves  grow  In  regions  where  the  free 
energy  available  exceeds  the  rate  at  which  Landau  heating  of  the  plasma  occurs. 

The  introduction  of  large  quantities  of  low-energy  electrons  in  the  plasma  cloud 
greatly  Increases  the  negative  slope  of  the  total  electron  distribution  function 
and  consequently  the  rate  of  Landau  damping.  The  length  and  diameter  of  the  plasma 
cloud  along  the  magnetic  field  would  then  modulate  the  admittance  of  chorus  waves 
to  the  satellite.  The  diameter  of  the  cloud  should  be  limited  to  a  few  electron 
gyroradll.  Fbr  emitted  10  eV  electrons  this  Is  of  the  order  of  a  few  hundred 
meters;  for  2-3  keV  secondary  electrons  this  Is  of  the  order  of  kilometers.  Since 
the  Debye  length  In  the  plasma  sheet  Is  several  kilometers  such  a  cloud  should  have 
little  effect  on  perpendicularly  propagating  waves. 


CONCLUSIONS 


The  combination  of  plasma  beam  emissions  and  the  discharging  process  has  been 
shown  to  have  three  distinct  affects  on  the  detection  of  VLF  waves.  First,  the 
magnetic  loop  antenna  detects  Intense  signals  during  high  current  emissions,  modes  1 
and  2,  that  are  apparently  localized  to  the  near  vicinity  of  the  satellite.  They 
are  assumed  to  be  generated  and/or  amplified  within  the  plasma  that  envelopes  the 
satellite  upon  beam  emission.  These  signals  span  the  0.5  to  5  kHz  band,  may  be 
double-banded,  and  often  saturate  the  magnetic  receiver,  thus  obscuring  the  detection 
of  signals  that  do  not  lie  within  20  dB  of  this  signal  amplitude.  Second,  on  the 
electric  antenna  during  mode  1,  the  highest  current  emitting  mode,  occasionally 
multiple  bands  of  chorus  emissions  are  detected.  These  are  assumed  to  be  generated 
by  the  large  anisotropic  fluxes  of  beam  electrons.  Third,  the  fields  of  the  chorus 
emissions  are  often  suppressed.  This  suppression  permits  observations  of  much  weaker 
wave  fields.  It  Is  suggested  that  electrons  emitted  by  the  beam  and  during  the 
discharge  process  create  an  Irregular  plasma  cloud  along  the  field  lines  which  becomes 
an  optically  thick  screen  for  parallel  propagating  waves. 
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Figure  7.  -  Signals  detected  during  aode  4  plasaa  beau  operations  with  Ion  beau 
current  of  about  10  *A.  (fexlwn  signal  Intensity  (4-curve)  Is  variable  In 
both  fields  as  Is  s1<p»l  structure.) 
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Data  fro*  th*  two  «l«ctrlc  {fold  experiments  and  fro*  tha  plasma  composition 
axparlaant  on  ISKE-1  show  that  tha  apaeacraft  charged  to  cloaa  to  -70  V  in  aunllgbt 
at  about  0700  UT  on  March  17,  1978*  Data  fro*  tha  alactron  apactroaatar  axparlaant 
ahow  that  thara  waa  a  potential  barrlar  of  ao*a  -10  to  -20  V  about  tha  apaeacraft 
during  thla  avant.  Tha  potantlal  barrlar  waa  affactlva  in  turning  back  emitted 
photoalactrona  to  tha  apaeacraft.  Potantlal  barriara  can  ba  foraad  bacauaa  of 
dlffarantlal  charging  on  tha  apaeacraft  or  bacauaa  of  tha  praaanca  of  apaca  charga. 
Tha  atringant  alactroatatlc  claanllnaaa  a pacification a  imposed  on  I8BE  aaka  tha 
praaanca  of  dlffarantlal  charging  uillkaly,  If  thaaa  pracautlona  war  a  affactlva. 
Modallng  of  thla  avant  la  required  to  datamlna  If  tha  barrlar  waa  produced  by  tha 
praaanca  of  apaca  charga. 


INTRODUCTION 


Tha  International  Sun  Earth  Bcplorer  (I8EE)  project  involve •  thraa  apaeacraft 
which  ware  designed  to  study  tha  *agnatoaph*rlc  plaaaa  under  tha  auspices  of  tha 
International  Magna toapherlc  Study  prograta.  I8EE-1  and  ISEE-2  ware  launched  on 
October  22,  1977,  Into  almost  Identical  orbits  but  with  a  variable  separation 

distance  In  order  to  ba  able  to  separata  temporal  and  spatial  variations  of  tha 
environment .  Thalr  apogee  was  at  23  earth  radii,  and  their  period  was  approx lnatsly 
37  h.  1SEE-3  was  launched  Into  a  "halo  orbit"  about  tha  llbration  point  at  about 
240  earth  radii  towards  th*  sun  fro*  the  earth.  Further  information  on  tha  I8EE 
mission  can  be  found  In  Rafarancas  1  through  3. 

Th*  ISEE  apaeacraft  war*  built  according  to  a  sat  of  electrostatic  cleanliness 
specifications  which  war*  intended  to  make  tha  exteriors  of  th*  spacecraft  ba 
aquipotantlal  aurfacas  and  to  prevent  th*  buildup  of  asymmetric  potentials  which 
could  interfere  with  low  energy  particle  and  electric  field  measurements.  Tha 
specifications  required  that  no  exposed  apaeacraft  component  (with  so**  exceptions) 
charga  to  potentials  in  excess  of  1  volt  with  respect  to  tha  spacecraft  potential. 
This  requirement  demanded  that  all  spacecraft  components  that  were  axpoaad  to  the 
plasma  environment  be  "sufficiently  conducting,"  and  b*  connected  to  tha  spacecraft 
ground  through  low  impedance  path*.  The**  specifications  which  ware  also  used  In 
tha  construction  of  the  GEOS  spacecraft,  appear  to  have  bean  relatively  effective; 
the  most  negative  potential  reached  by  GEOS  2  was  -1500  volts  in  aclips*  which  Is 

♦This  work  was  supportud  by  NASA  Lewis  Research  Cantor  under  grant  NAG-320. 
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auch  last  than  potentials  reached  bp  othar  magnetospherlc  apaeacraft  such  as  ATS-5, 
ATS and  8CATHA  (Rafarancaa  4  through  6)* 

In  apita  of  thcsa  alactroatatlc  claattllnaaa  requirement a ,  thaca  hava  baan 
Indications  of  significant  charging  cvanta  on  ISEE-1,  with  the  spacecraft  going  at 
tlnaa  to  a  negative  potential  on  the  order  of  -100  volts  in  sunlight*  These 
indications  cane  fron  ion  data  obtained  by  the  plasna  con  position  sxperlaent  (Ref . 
7)  which  showed  that  low  energy  (thermal)  ions  had  been  accelerated  to  kinetic 
energies  on  the  order  of  100  sV  before  they  were  detected  by  the  lnstrunent.  It  la 
important  to  understand  such  charging  events,  if  they  are  indeed  real,  in  order  to 
be  able  to  evaluate  the  effectiveness  of  the  electrostatic  cleanliness 
specifications.  Tor  example ,  the  charging  of  electroatatleally  "dirty"  spacecraft 
auch  as  ATS-5,  AT8-6  snd  8CATHA  has  ben  shown  to  be  very  dependant  on  differential 
charging  affects  (Ref.  8  md  9)*  Differential  charging  on  a  spacecraft  can  produce 
a  potential  barrier  which  prevents  low  energy  photoelectrona  fron  escaping,  and  can 
thus  lead  to  much  larger  negative  potentials  In  sunlight  than  would  otherwise  be 
expected.  The  purpose  of  this  paper  is  to  examine  in  detail  such  a  sunlight  charging 
event  on  1SBC-1. 


DATA  THAT  INDICATE  CHARGXNC 


Several  experiments  on  18EK-I  are  capable  of  giving  information  on  the  potential 
of  the  spacecraft.  In  this  section  we  present  evidence  from  the  two  electric  field 
experiments  and  from  the  plasma  com position  sxperlaent  which  indicate  that  between 
0600  and  0800  UT  on  March  17,  1978  (Day  76),  the  XSEE-1  spacecraft  charged  to  about 
-70  volts  in  sunlight.  At  that  time  the  vehicle  was  near  synchronous  orbit,  at  7.7 
earth  radii,  and  at  0300  local  time.  In  addition,  we  present  data  from  a 
synchronous  altitude  spacecraft,  AT8-5,  on  the  same  data  but  at  about  0400  UT  and  at 
midnight  local  time,  which  show  that  ATS-5  charged  to  about  -6  kV  in  eclipse.  Thus 
the  plasma  environment  during  this  period  of  time  was  sufficiently  hot  to  provide 
significant  charging. 

The  spherical  double  probe  electric  field  experiment  on  ISEK-1  (Ref.  10) 
measures  the  potential  difference  between  the  probes,  which  are  two  4  cm  radius 
spheres  at  the  ends  of  wire  booms  separated  by  73'  5  m  in  the  spin  plane  of  the 
spacecraft.  In  addition,  the  experiment  monitors  the  potential  difference  between 
each  of  the  probes  and  the  spacecraft.  The  potential  of  the  spheres  with  respect  to 
the  plasma  la  adjusted  to  be  near  sero  by  introducing  bias  currents  to  the  spheres 
based  on  current /voltage  sweeps  which  ere  made  during  a  quarter-second  Interval 
every  128  aac. 

figure  1  shows  the  quantity  V28  which  Is  the  potential  difference  between  sphere 
#2  and  the  spacecraft  during  the  interval  from  0500  to  0800  UT  on  March  17,  1978. 
The  spacecraft  potential  with  respect  to  the  sphere  (which  was  near  ambient  plasms 
potential)  is  the  negative  of  V28.  The  figure  shows  that  the  spacecraft  was  near 
sero  volte  at  0600  and  that  it  gradually  charged  to  a  more  negative  potential,  going 
off-acale  at  -50  volts  at  about  0715  UT.  The  potential  came  back  on  scale  briefly 
at  0745.  taring  the  period  from  0700  to  0800  the  vehicle  potential  was  close  to  or 
more  negative  than  -50  volts.  8ince  the  sphere  bias  current  is  negative  at  this 
time  ( 1  «e • ,  electrons  are  being  pushed  onto  the  sphere),  the  fact  that  the 
spacecraft  is  more  negative  than  the  sphere  implies  that  the  sphere  and  the 
spacecraft  are  responding  differently  to  the  environment.  For  example,  there  may  be 
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■or*  secondary  alactrona  emitted  from  tha  sphere,  or  thare  nay  b*  potential  barrier 
affects  around  tha  spacecraft  that  ara  not  around  tha  sphere. 

50V 

0V 

•50V 

5=00  6=00  7=00  8=00 

TIME  OF  0AY  76,  1978 

Figure  i.  Probe  data  iron  Moser's  electric  field 
experiment  shoving  the  probe* t o* spa c e r r a f t 
potential  (V28)  from  0500  to  0800  UT  on 
March  17,  1978. 


Figure  2  shows  similar  data  frea  tha  Goddard  elsctrlc  field  experiment  on  ISEE*1 
(Ref*  11).  The  active  probes  in  this  experiment  are  36  m  uninsulated  tip  sections 
of  two  virss  independently  deployed  to  lengths  of  106.7  m.  This  gives  an  effective 
baseline  between  the  two  active  elements  of  179  m.  The  figure  shows  the  potential 
difference  between  one  of  these 


elements  and  tha  spacecraft 
during  two  periods  of  timet  at 
0600  and  at  0645  UT.  The 
potentials  of  the  active  elements 
in  this  experiment  are  floating 
with  respect  to  the  ambient 
plasma.  That  la,  the  potential 
of  the  elements  Is  determined  by 
a  current  balance  between 
collected  plasma  Iona  and 
electrons  and  emitted  secondary 
electrons  and  photoelactrona . 
The  floating  potential  is 
modulated  by  tha  spin  of  the 
spececraft.  The  potential  la 
most  positive  when  the  wire 
elements  are  perpendicular  to  the 
direction  of  the  sun  since  this 
is  th*  orientation  where  the 
photoemlsslon  current  is  a 
maximum. 

The  floating  potential  of  the 
active  wire  elements  with  respect 
to  the  local  plasma  is  not 
directly  measured  in  this 
experiment,  but  It  la  expected  to 
he  on  the  order  of  a  few  volts 
positive  when  the  wires  are 


SECONDS 


perpendicular  to  th*  sun 
direction.  The  two  spherical 
probes  in  the  other  electric 
field  experiment  floated  at 
approximately  4-5  V  during  this 


Figure  2.  Probe  data  from  Heppner's  electric 
field  experiment  showing  the  probe-to-spacecraf t 
potential  at  0600  and  0645  UT  on  March  17,  1978. 


period  of  time,  as  determined  from  cur  rent /voltage  sweeps  when  the  bias  current  was 


415 


aero.  If  the  wire  element  ie  also  fleeting  at  about  +3  vo.'ts  during  thLa  time,  then 
the  spacecraft  potential  haa  changed  from  near  sero  to  about  -23  V  between  0600  and 
0645.  These  valuea  are  in  reasonable  agreement  with  the  data  shown  in  Figure  1. 


The  plasma  composition  experiment  is  described  in  Ref.  7.  It  consists  of  two 
identical  mass  spectrometers  which  can  be  operated  independently.  The  ions  enter  a 
collimator  and  then  go  through  a  three-grid  retarding  potential  analyser  (FPA).  The 
retarding  grid  la  programmable  between  60  mV  and  100  V  in  32  steps  with  approxi¬ 
mately  equal  logarithmic  intervals.  After  pansing  through  the  third  grid,  the  ions 
are  accelerated  through  a  potential  difference  of  approximately  -2930  V  before  they 
pass  through  a  cylindrical  electrostatic  analyser.  Due  to  the  pre-acceleration,  the 
lowest  energy  step  of  the  electroatatic  analyser  passes  all  Iona  with  external 
energies  between  sero  (i.,e.,  those  cold  ions  which  can  reach  the  spacecraft)  and 
approximately  100  eV. 


Figure  3  shows  results  from  the  plasma  composition  experiment  between  0600  and 


0800  UT  on  March  17,  1978. 
half-hour  intervals,  where  the 
data  has  been  accumulated  as  a 
function  of  spacecraft  spin 
angle  and  RPA  retarding 
potential.  The  count  rare  is 
indicated  by  the  gray  ocale, 
with  dark  signifying  high  count 
rates,  and  light  signifying  low 
count  rates.  The  retarding 
potential  at  which  the  count 
rates  are  sharply  reduced  is  a 
measure  of  the  (negative) 
spacecraft  potential.  In  this 
mode  of  operation,  the 
instrument  la  passing  all 
species  of  Iona,  but  it  is 
known  from  the  other  modes  uf 
operation  that  the  lone  are 
predominantly  hydrogen  but  with 
a  significant  oxygen  component. 
It  can  be  seen  that  this 
cut-off  potential  increases 
during  this  period  of  time  from 
about  10  V  at  the  beginning  to 
somewhat  under  100  V  at  the 
end. 


Ths  four  panels  show  ion  counts  during  the  four 

OAY  76,  1978 

06>00-06’30  06*30-07*00 


0  100  0.1  To 
ENERGY  UV) 


Individual  RPA  scans  ware 
examined  during  part  of  this 
period  of  time,  and  the 
spacecraft  potential  was 
estimated  for  scans  when  the 
experiment  was  most  nearly 
looking  at  ions  coming  in  the 
ram  direction.  Individual 

rcans  were  obtained  approximately  every  three  minutes,  although  there  were  some  gaps 
Ths  results  are  shown  in  Figure  4.  Again,  the  date  show  that  the 


Figure  3.  Ion  data  from  tho  plasma  composition 
experiment  from  0600  to  0800  UT  on  March  17, 
1978.  Dark  indicates  high  ion  counting  rates  and 
light  indicates  low  rates.  The  energy  at  which 
the  counting  rate  decreases  abruptly  is  an 
indication  of  the  spacecraft  potential . 


in  the  data. 
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potential  of  the  apacacraft  incraaatd  in  tha  negative  direction  from  near  -5  V  at 
about  0630  UT  to  a  value  more  negative  than  -60  V  after  0710  UT. 


TIME  OF  OAY  76,  1978 

Figure  4.  18EE  apacacraft  potantlala  on  March 
17,  1978,  inferred  from  tha  plaama  composition 
experiment . 


Figure  5  a  hove  a  apectrogram  from  the  UCSD  particle  detector  on  the  ATS-3 
aatelllte  between  0410  and  0310  UT  on  the  aama  day.  Data  la  only  available  during 


the  time  Mien  tha  apacacraft  waa 
entering  and  within  the  earth' a 
ehadov.  Thia  waa  a  period  when 
apecial  operatlona  of  the  ATS-5 
ion  engine  and  neutraliser  were 
being  carried  out  to  teat  the 
capability  of  theaa  devlcea  to 
diaoharge  the  apacacraft  (Ref. 
12).  The  spacecraft  enterod 
eclipse  at  0411 t  the  neutrallaor 
waa  turned  on  at  0418  and  off  at 
0433.  The  neutraliser  constated 
merely  of  a  heated  filament 
which  could  emit  electrona 
Independently  of  operation  of 
the  ion  engine.  During  the 
neutraliser  operation,  the 
spacecraft  potential  waa  held  to 
about  -2  kV  but  whan  it  was 
turned  off  the  potential  went  to 
about  >6  kV.  The  ion  spectrum 
during  this  period  of  time  as 
measured  by  the  UCSD  detector  la 
in  good  agreement  with  the  ion 
spectrum  obtained  by  the  LEPEDEA 
experiment  (Raf.13)  on  1SEE-1  at 
0700  UT.  Thue  it  appears  that 
the  plasma  near  geosynchronous 
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Figure  3.  A  spectrogram  from  the  UCSD  particle 
detoctor  on  the  ATS-5  spacecraft  showing  charging 
to  about  -6  kV  in  eel ipso  on  March  17,  1976.  The 
dark  regions  indicate  low  count  rates. 
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orbit  during  the  morning  of  March  17,  1978,  waa  sufficiently  hot  to  charge  "dirty" 
spacecraft  such  as  ATS-5  to  several  kilovolts  negative  in  shadow,  and  "clean" 
spacecraft  such  as  ISEE-1  to  approximately  -100  V  in  sunlight. 


EVIDENCE  FOR  A  POTENTIAL  BARRIER 


Figures  6  and  7  show  electron  data  from  the  Electron  Spectrometer  experiment  on 
ISEE-1  (Raf.  14).  The  electron  distribution  function  on  a  logarithmic  scale  is 
shown  against  electron  energy  «t  0600  UT  (Fig.  6)  and  at  0700  UT  (Fig.  7).  At  0600 
the  spacecraft  potential  was  near  saro  whereas  at  0700  the  potential  was  on  the 
order  of  -40  V,  as  we  showed  in  Section  2  (See  Figure  4).  At  low  onargios,  both 
Figures  6  and  7  allow  a  steepening  of  the  electron  spectrum  characteristic  of 

photoelectrone  and/or  secondary  electrons. 

The  straight  line  in  Figure  6  which  goes  through  the  lower  energy  electrons 
lndicetae  that  these  electrons  ere  characterised  by  s  density  of  about  20  cm  J  and  a 
temperature  near  2  aV.  Theia  valuta  ara  vary  raaaonsble  for  photoalectrona  emlttsd 
from  typical  spacecraft  surfaces  st  the  earth's  distance  from  the  sun.  The  actual 
value  of  the  photoalactron  density  would  of  course  depend  on  tho  material  and  on  the 
orientation  of  the  emitting  surface  with  respect  to  the  aolar  direction.  Hie  fact 
that  photoalectrona  with  anargiaa  aa  high  aa  20  aV  ara  seen  returning  to  the 

apacecreft  indicates  that  there  must  be  a  significant  alec  tile  field  which  turn* 

back  the  suit tad  photoalectrona.  In  other  word*,  there  must  be  a  potential  barrier 
around  the  apacecreft.  This  behavior  of  the  electron  spectrum  waa  seen  st  all 
orientationa  of  the  apacecreft  during  ita  apln,  although  the  magnitude  of  the 

inferred  photoelectron  density  waa  somewhat  modulated  by  the  spin. 
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The  behavior  of  the  electron  spectrum  in  Figure  7  Is  similar  to  that  In  Figure 
6.  The  low  energy  port  of  the  spectrum  is  fitted  well  by  a  we  Ilian  distribution 
with  a  temperature  of  3.4  eV  and  a  density  of  about  9  cm  If  these  low  energy 
electrons  are  photoelectrons  casing  from  the  spacecraft.  If  these  low  energy 
elections  were  ambient  plc*ma  electrons  reaching  a  negatively  charged  spacecraft  at 
-40  V,  they  would  have  to  have  a  density  of  almost  10°  cm-  In  the  undisturbed 
plasma.  This  is  completely  unreasonable  for  the  plasma  at  this  location  near 
geosynchronous  orbit  In  the  earth's  magnetosphere.  We  conclude,  therefore,  that 
there  must  still  be  a  potential  barrier  around  the  spacecraft  at  0700  UT  in  spite  of 
the  negative  spacecraft  potential. 

The  higher  energy  parts  of  the  distributions  in  both  Figures  6  and  7  give 
reasonable  values  for  the  plasma  electron  temperatures  and  densities  for  this 
location  In  the  magnetosphere.  Measurements  of  the  electron  spectrum  at  higher 
energies  by  this  instrument  and  also  by  the  quaJrispherlcal  LEPEDEA  Instrument  (Ref. 
13)  show  a  significant  Increase  of  energetic  (keV)  electrons  over  this  time  period 
(not  shown).  The  ISEE-1  plasma  wave  experiment  and  radio  propagation  experiment 
(Ref.  15  and  16)  both  Jndicate  that  the  plasma  electron  density  during  this  period 
of  time  was  about  1  cm"  . 

The  existence  of  a  negative  potential  barrier  when  the  spacecraft  Is  either 
uncharged  or  at  a  negative  potential  requires  a  mechanism  for  Its  formation.  There 
era  two  possibilities  for  a  mechanism:  one  is  that  there  is  differential  charging 
of  the  spacecraft  surfaces.  This  can  lead  to  a  potential  distribution  which  has  a 
potential  barrier  more  negative  than  the  spacecraft  body  if  there  were  some  isolated 
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the  ISEE  electron  spectrometer  at  0700  liT  on 
March  17,  1978. 


surface  such  as  e  dielectric  also  at  a  more  negative  potential  than  the  main  body. 
The  second  possibility  is  that  there  is  sufficient  negative  space  charge  in  the 
vicinity  of  the  spacecraft,  produced  by  the  emitted  photoelectrons  and  by  the 
ambient  plasma,  that  a  negative  potential  barrier  is  formed  (Ref.  17  and  18). 
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The  situation  here  on  ISEE  is  somewhat  similar  to  that  on  ATS-6  where 
photoelectrons  and  secondary  electrons  were  observed  to  be  reflected  from  a 
potential  barrier  about  the  spacecraft  when  the  spacecraft  was  charged  to  a  negative 
potential  (Ref.  19).  In  the  case  of  ATS-6,  It  was  shown  that  the  observed  potential 
barriers  were  too  large  to  be  attributed  to  the  effects  of  space  charge  (Ref.  20). 
It  was  inferred  that  the  barriers  must  be  caused  by  differential  charging.  This  was 
later  confirmed  by  detailed  calculations  (Ref.  8). 

It  appears  unlikely  that  differential  charging  can  be  the  mechanism  responsible 
for  the  creation  of  the  potential  barrier  around  the  ISEE  spacecraft.  The  stringent 
cleanliness  specifications  that  were  imposed  should  have  prevented  potential 
differences  of  more  than  1  V  between  portions  of  the  spacecraft  surfaces.  The 
precise  magnitude  of  the  potential  barrier  about  ISEE  during  this  event  is  not 
known,  since  the  returning  photoelectrons  were  observed  at  oblique  rather  than 
normal  angles  to  the  spacecraft  surface.  However,  since  photoelectrons  were 
observed  to  return  at  energies  up  to  abut  20  eV,  it  is  likely  that  the  magnitude  of 
the  potential  barrier  was  at  least  10  V.  This  is  too  large  to  be  attributed  to 
differential  charging  if  the  cleanliness  specifications  were  effective  in  keeping 
differential  potentials  to  leas  than  1  V.  Hence  ve  conclude  that  the  most  likely 
mechanism  causing  the  formation  of  the  potential  barrier  is  the  presence  of  space 
charge. 

In  the  solar  wind  and  in  the  quiet  magnetosphere,  the  spacecraft  potential  la 
usually  positive  so  that  low  energy  photoelectrons  would  return  to  the  spacecraft 
anyway,  without  the  necessity  for  the  creation  of  a  potential  barrier.  The  fact 
that  the  electric  field  probes  are  floating  at  about  +5  V  while  the  spacecraft  la  at 
about  -70  V  during  this  period  does  not  necessarily  imply  an  inconsistency.  If  the 
current  balance  is  between  collected  plasma  electrons  and  escaping  photoelectrons 
and  secondary  electrons,  then  it  is  possible  to  have  more  than  one  potential  at 
which  the  net  current  vanishes  (Ref.  21).  If  the  potential  barrier  has  been  formed 
because  of  the  presence  of  apace  charge,  it  la  not  aumrising  that  barriers  have  not 
been  formed  around  the  electric  field  probee  which  are  quite  small  compared  to 
either  the  photoelectron  or  ambient  plasma  Debye  lengths  (a  few  meters  and  a  few 
tens  of  meters  respectively) . 


CONCLUSIONS 


(1)  We  have  shown  that  on  March  17,  1978,  the  ISEE-1  spacecraft  charged  to  a 

negative  potential  on  the  order  of  -70  V  in  sunlight.  Evidence  for  the  charging  were 
presented  from  the  two  electric  field  experiments  on  the  spacecraft  and  from  the 
plasma  composition  experiment.  In  addition,  we  showed  that  the  ATS-5  spacecraft 
charged  to  a  potential  of  about  -6  kV  in  eclipse  about  three  hours  earlier  on  the 

seme  day  but  in  what  appeared  to  be  the  same  plasma  environment. 

(2)  We  have  shown  from  the  electron  spectrometer  experiment  on  ISEE-1  that 
there  appeared  to  be  a  potential  barrier  about  the  spacecraft  during  this  event. 
The  potential  barrier  wee  on  the  order  of  10  to  20  V  negative  with  respect  to  the 
spacecraft  body,  and  was  effective  in  returning  emitted  photoelectrons  to  the 
spacecraft . 

(3)  It  is  likely  that  the  potential  barrier  was  produced  by  the  effects  of 

space  charge  rather  than  by  differential  charging  of  the  spacecraft  surfaces  if  the 
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electrostatic  cleanliness  precautions  were  Indeed  effective.  Verification  of  the 
mechanism  responsible  for  the  creation  of  the  potential  barrier  requires  detailed 
modeling  of  this  event.  The  modeling  should  use  photoemission  and  secondary 
electron  yields  appropriate  for  the  ISEE-1  surface  materials. 

We  thank  a  number  of  1SEE  experimenters  who  have  helped  us  by  making  their 
data  available  and  assisting  with  its  interpretation:  F.  S.  Moser  and  A.  Pedersen 
with  the  spherical  double  prob*  electric  field  experiment,  J.  P.  Heppner  and  N.  C. 
Maynard  with  the  long-wire  electric  field  experiment,  L.  A.  Frank  and  T.  E.  Eastman 
with  the  LEPEDEA,  E»  G.  Shelley  and  R.  D.  Sharp  with  the  plasma  composition 
experiment,  K.  W.  Ogilvie  and  J.  D.  Scudder  with  the  electron  spectrometer 
experiment,  C.  C.  Harvey  with  the  wave  propagation  experiment,  and  D.  A.  Gurnet t 
and  R.  R.  Anderson  with  the  plasma  wave  experiment. 
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The  Galileo  spacecraft  which  will  orbit  Jupiter  in  1988  will  encounter  a  very 
harsh  environment  of  energetic  electrons.  These  electrons  will  have  sufficient 
energy  to  penetrate  the  spacecraft  shielding,  consequently  depositing  charges  in  the 
dielectric  insulating  materials  or  ungrounded  conductors.  The  resulting  electric 
field  could  exceed  the  breakdown  strength  of  the  insulating  materials,  producing 
discharges.  The  transients  produced  from  these  Internal  Electrostatic  Discharges 
(IESD)  could,  depending  on  their  relative  location,  be  coupled  to  nearby  cables  and 
circuits.  These  transients  could  change  the  state  of  logic  circuits  or  degrade  or 
even  damage  spacecraft  components,  consequently  disrupting  the  operation  of  sub¬ 
systems  and  systems  of  the  Galileo  spacecraft  during  its  expected  mission  life.  An 
extensive  testing  program  was  initiated  for  the  purpose  of  understanding  the  poten¬ 
tial  threats  associated  with  these  IESD  events.  Data  obtained  from  these  tests  were 
used  to  define  design  guidelines. 


\ 


INTRODUCTION 


►  The  Galileo  spacecraft  will  be  launched  in  late  1986.  Galileo  is  to  perform  a 
\  far  more  intensive  and  comprehensive  investigation  of  the  Jupiter  system  than  was 

l  possible  with  Voyager.  Its  design  has  benefited  from  the  experience  of  the  Voyager 
|  spacecrafts.  The  Voyager  1  spacecraft,  as  it  entered  Jupiter's  magnetosphere, 
f  experienced  a  number  of  Power  on  Resets  (POR).  An  extensive  study  was  carried  out 
j  to  determine  the  cause  of  PORs.  A  study  of  the  environment  was  performed.  The 
j  environment  consists  of  low  energy  (<100  keV)  plasma  and  intense  high  energy  (>100 
:  keV)  electrons.  Our  investigation  showed  that  the  time  for  the  occurrence  of  PORs 
|  did  not  correlate  with  the  severity  of  the  plasma  environment.  The  plasma 
*.  instrument  onboard  the  spacecraft  also  confirmed  that  significant  surface  charging 
)  did  not  occur.  An  investigation  of  the  radiation  electron  environment  indicated 
f  that  the  PORs  occurred  during  the  time  that  the  flux  of  radiation  electrons  was  at 
X  its  peak.  Consequently,  internal  discharges  induced  by  the  penetrating  electrons 

>  were  proposed  as  a  possible  cause  of  PORs  (Ref.l). 


In  order  to  prevent  the  occurrence  of  PORs  during  the  Galileo  mission,  a  test 
program  was  initiated  to  investigate  the  effect  of  penetrating  electrons  on 


♦The  work  described  in  this  paper  was  performed  for  the  Jet  Propulsion  Laboratory, 
California  Institute  of  Technology,  sponsored  by  the  National  Aeronautics  and  Space 
Administration. 
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electronic  circuit*.  The  progran  conelet*  of  two  pheeee.  In  the  initial  phene •  the 
phenonena  of  ISSD  were  investigated  through  analysis  and  teetlng*  Thin  wee  done 
with  contractor  support  froa  General  Electric  and  JAYCOR.  Analysis  and  tests  during 
this  phase  deaonstrated  that  soae  of  the  dielectric  insulation  of  spacecraft  con- 
ponents  did  discharge  when  they  were  irradiated  by  an  electron  been  with  a  flux  level 
corresponding  to  the  levels  they  would  experience  in  the  Jovian  envlronnent.  To 
ensure  that  1ESD  related  anoaalles  will  not  occur  during  Galileo's  encounter  with 
Jupiter,  the  eecond  phase  of  this  prograa  was  to  acquire  the  necessary  data  to  gene¬ 
rate  the  required  design  guidelines  for  the  Galileo  spacecraft.  The  design  guide¬ 
lines  are  on  the  aeterial  selection,  grounding  criterion,  trunalent  characteristics 
and  coupling  of  discharge  energy  into  circuits. 

This  paper  discusses  the  test  configuration,  the  teet  results,  and  the  applica¬ 
tion  of  test  results  for  design  guideline  generation. 


GENERAL  TEST  PROGRAM 


The  tests  were  perforned  in  the  dynanltron  facility  of  the  Jet  Propulsion 
Laboratory.  The  dynanltron  is  capable  of  delivering  an  electron  bean  in  the  energy 
range  of  0*6-2. 5  Mev.  To  simulate  the  envlronnent  that  the  dielectrics  would 
experience  in  space,  it  was  decided  that  a  high  vacuun  systen  would  be  required. 

This  systen  uses  a  standard  diffusion  punp  with  a  cold  trap  ptovlded  to  control  oil 
contanlnatlon  (Figure  1)«  The  dynanltron  electron  bean  enters  the  test  chanber 
through  a  75  is  stainless  steel  diaphragn.  The  sanple  holder  is  located  inside 
the  vecuun  chanber  and  is  situated  perpendicular  to  the  electron  bean.  A  Faraday 
cup  is  nounted  in  the  plana  of  the  sanple  spscinen  so  that  the  flux  levels  at  the 
test  sanple  could  be  accurately  nonltored*  Pressures  of  2*10~5  torr  or  less  are 
required  before  initiating  the  test. 

The  occurrence  of  dischargee  are  nonltored  by  current  iransfornars  placed  along 
the  possible  paths  of  discharge  currents.  Another  diagnostic  for  the  discharge  le  a 
plasna  current  detector,  which  is  a  thin  sheet  (SO  in  thick)  of  alunlnlun  with  a 
d  lane  ter  slightly  snaller  that  of  the  chanber.  This  plasna  currant  detector  is 
placed  right  in  front  of  the  test  sanple  and  hence  it  detects  the  presence  of 
charged  particles  generated  during  discharges*  In  sons  of  the  teste,  the  test  itens 
(such  as  cables  and  circuit  traces)  were  used  as  detectors  for  the  occurrence  of 
discharges.  The  tranelent  signals  induced  on  these  detectora  are  transnitted 
outside  the  vacuun  chanber  through  coaxial  cables.  These  slgnale  are  displayed  on 
storage  rcopas  or  transient  digitisers.  The  length  of  coaxial  cable  used  in  our 
experlnente  ere  about  10  n.  The  affect  of  long  cables  on  the  transient  signals  was 
Investigated  by  applying  a  pulse  on  one  end  of  the  cable  end  receiving  the  pulse  at 
the  other  and.  No  significant  anplltude  loss  or  waveforn  distortion  was  observed. 

The  flux  level  used  in  our  experlnent  was  deteralned  by  the  expected  inflight 
deposited  flux  levels  at  the  sanples.  The  expected  inflight  deposited  flux  level  au 
well  as  the  dynanltron  deposited  flux  levels  were  both  deternlned  by  Monte  Carlo 
conputer  calculations.  The  test  fluenca  for  our  teat  is  usually  chosen  as  Jupltor 
Orbit  Insertion  (JOI)  plus  S  orbit  fluenca.  This  selection  is  based  on  the  fact 
that  JOI+3  orbits  ere  the  nlnlnun  required  for  a  successful  nlsslon.  Due  to  the 
constraint  of  tine  and  cost,  the  flux  level  used  to  achieve  this  fluenca  was  usually 
et  least  a  factor  of  three  higher  than  the  anticipated  worst-case  level. 


The  tact  ltiaa  ehoaan  for  Chit  taat  program  vara  parta  of  tha  Galilao  apacacraft. 
They  vara  althar  components  with  dlalactrle  insulation  or  components  with  floating 
conductors.  Tha  eritarla  for  taat  sample  aalaetlon  ara  based  oiii  (1)  tha  intanalty 
of  tha  expaetad  dapoaltad  flux  level,  and  (2)  tha  proximity  of  tha  coaponanta  to 
aanaitlva  clrculta.  Initial  taata  vara  parfornad  to  dataraina  if  braakdovn  vaa 
poaalbla*  If  braakdovn  did  occur,  than  taata  vara  parforaad  to  dataraina  tha 
tranaiant  paraaatara.  The  tranalant  paraactara  of  laportanca  are  rlaa  tine,  pulaa 
vidth,  and  paak  voltage.  Tha  electron  baaa  had  previously  been  charted  inside  the 
chamber  to  determine  lta  uniformity.  The  raaulta  indicated  that  the  baaa  vaa  uni- 
fora  over  tha  aurface  of  tha  aaapla  holder  (36-ca  diameter).  Before  any  radiation 
taata  vara  initiated  In  tha  chaaber,  a  dry  run  vaa  parforaad  at  a  very  high  flux 
level.  Thie  vaa  done  in  order  to  dataraina  if  there  axiatad  any  dielectric  in  the 
chaaber  that  alght  break  down  producing  unvantad  data.  Tha  raaulta  of  tha  taata 
vara  negative. 

Table  1  pracanta  tha  taat  aaaplaa  and  tha  raaulta  of  radiation  taata  parforaad  on 
thaaa  itaaa.  Thla  table  doaa  not  include  tha  raaulta  on  circuit  boarda  and  cables | 
tha  raaulta  on  thaaa  tvo  itaaa  ara  preaanted  in  aora  detail  in  tha  next  aactlon. 

Thla  table  providaa  information  on  tha  electron  baaa  energy  and  tha  flux  level.  If 
dlachargaa  occurred,  tha  aaaoclatad  vorat-caaa  1B8D  paraaatara  ara  alao  preaanted. 
Note  that  tha  flux  lavala  uaed  in  taatlng  tha  connectora  vara  far  greater  than  tha 
anticipated  environment.  We  vara  interacted  in  acquiring  aa  much  information  on  tha 
tranalant  paraaatara  and,  therefore ,  it  vaa  decided  to  greatly  increase  tha  flux 
level. 


DESIGN  GUIDELINE  TEST 


It  vaa  determined  that  tha  greataat  ha sard  existing  to  tha  aubayataaa  and 
ayataaa  of  Galilao  originated  froa  tha  circuit  boarda  (Raf.  2)  and  flight  cabling. 
Extensive  tasting  vaa  parforaad  on  thaaa  itaaa  to  dataraina  the  affects  of  discharge 
on  nearby  circuitry. 

Different  circuit  board  designs  vara  fabricated  to  dataraina  tha  affects  of 
electron  radiation  on  floating  circuit  traces  of  various  area,  apaclng,  and  length. 
Tha  boarda  vara  fabricated  out  of  FR4  aatarial.  Circuit  board  A  (Fig.  2a)  vaa  de¬ 
signed  to  dataraina  tha  affects  of  tha  floating  trace  area  on  tha  characteristics  of 
discharges.  Tha  araaa  varied  froa  5  x  3  ca  (23  cm2)  to  a  pla tad-through  hole 
(alaaants  1  to  3).  In  addition,  tha  effects  of  apaclng  batvaan  tha  naaraat  grounded 
conductor  vaa  lnveatlgated  ualng  alaaanta  6,  7,  and  8  on  board  A.  Board  B  (Fig.  2b) 
vaa  designed  to  dataraina  tha  affects  of  apaclng  and  length  variation  on  IB8D  events. 

During  each  taat,  only  one  alaaant  of  a  circuit  vaa  left  floating  vhlle  tha 
other  alaaanta  vara  connected  to  strips  vhlch  vara  grounded  through  30-ohm  raslatora. 
Tvo  grounded  stripe  en  each  board  vara  monitored  for  signs  of  an  IE3D  event.  Tha 
discharge  currant  collector  vaa  used  to  monitor  tha  blovoff  electrons  resulting  froa 
dlachargaa.  Tha  boarda  above  vara  tasted  under  tvo  different  configurations.  In 
tha  first  configuration  tha  board  vaa  bare,  and  in  the  second  configuration  it  vaa 
coated  vlth  Soli thane  (a  conformal  coating). 
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Tests  wars  alao  daalgnad  to  charactarlac  tha  tranalant  aignala  generated  by 
dlacharga  of  cha  cables.  Tha  cabling  employed  on  Galilao  uaaa  two  different  typaa 
of  lnaulatlon,  Kapton  and  Teflon.  Previous  raaulta  obtained  from  tha  Irradiation  of 
Kapton  (Refs.  3,  4,  and  6)  and  Teflon  (Rafa.  4  and  3)  materials  indicate  that  they 
will  break  down  under  Jupiter ‘a  anticipated  flux  level*  The  concern  raised  was  the 
voltage  and  energy  levels  asaoclated  with  the  transient  induced  on  the  center 
conductors.  Typical  flight-like  cabling  of  both  Kapton  and  Teflon  material  were 
obtained  for  tooting.  The  length  of  the  Kapton  and  Teflon  cables  varied  from  15  to 
300  cn*  The  center  conductors  were  tormina4 sd  with  an  impedance  of  50  ohms,  and 
they  were  also  used  as  discharge  detectors. 

In  soma  of  the  cables  that  wa  have  tested,  some  conductors  were  accidentally 
laft  floating.  The  transient  characteristics  generated  by  cables  with  floating 
conductors  were  found  to  be  vastly  different  from  cables  with  all  conductors 
grounded.  The  cables  with  floating  conductors  Included  cables  inside  a  Teflon 
bundle  cable  and  cables  from  the  Data  Management  Subsystem  (DM8)  of  the  Galileo 
spacecraft.  The  wires  associated  with  the  DM8  cable  vers  nonshielded  single 
conductors.  Tha  length  of  the  wires  tested  were  approximately  30  cm. 

The  electron  beam  employed  in  testing  the  circuit  boards  ranged  from  0.85  to 
1.75  MaV.  The  current  density  of  the  bean  varied  from  4  to  26  pA/cm  .  The 
position  of  the  circuit  traces  was  perpendicular  to  the  incoming  beam.  The  Faraday 
cup  was  positioned  at  tha  sample  level  of  the  circuit  board  auch  that  the 
appropriate  current  density  could  be  maintained. 

The  Kapton  and  Teflon  cables  ware  colled  on  the  surfaca  of  the  sample  holder 
around  the  Faraday  cup.  In  this  way  the  cable  surface  was  perpendicular  to  the 
Incoming  electrons.  The  DM8  cable,  due  to  its  limited  length,  waa  positioned  along 
the  length  of  the  sample  holder.  The  beam  energy  used  in  testing  the  cablaa  ranged 
from  1.45  to  1.65  MeV.  The  current  density  of  the  electron  beam  varied  from  160  to 
320  pA/csr  for  the  Kapton  and  Teflon  cable  bundles.  The  current  density  used  in 
the  case  of  the  DMS  cable  waa  16  pA/cm2. 


DESIGN  GUIDELINE  TB8T  RESULTS 

Several  types  of  discharges  were  observed  in  the  circuit  board  tests.  Small  dis¬ 
charges  were  usually  observed  at  the  beginning  of  Irradiation  of  a  "fresh"  circuit 
board.  This  could  have  been  due  to  the  occurrence  of  discharges  within  the 
imperfections  of  the  circuit  board.  The  transient  voltage  coupled  to  the  nearby 
grounded  conductor  was  usually  very  small  (<1  V)  and  was  of  narrow  pulae  width 
(<20  ns).  Large  amplitude  (>5  V)  signals  ware  usually  not  observed  until  the 
circuit  board  had  been  irradiated  for  a  period  of  2-4  hours.  Therefore,  the 
magnitude  of  transients  depends  on  the  time  history  of  the  irradiation. 

Consequently,  there  was  a  great  deal  of  variation  in  the  transient  characteristics 
associated  with  the  discharges  of  sach  circuit  trace.  Table  2  displays  the 
worst-case  transient  parameters  observed  during  the  irradiation  of  the  A  board.  In 
the  case  of  element  A4  (Table  2),  the  small  voltage  of  0.6  V  was  observed  at  the 
beginning  of  the  electron  bean  irradiation;  if  wa  had  rerun  the  test  again  at  a 
later  period  we  would  oxpect  the  observed  voltage  to  be  much  higher  than  0.6  V.  The 
average  rise  time  of  the  pulses  observed  ranged  from  5-10  ns. 


The  signals  coupltd  to  nssrby  grounded  conductors  during  big  discharges  indicated 
that  there  ware  two  different  discharge  processes.  In  one  process,  a  negative  spike 
with  a  narrow  pulse  width  <40  ns)  was  Induced  on  a  nearby  grounded  conductor  (Fig* 

3),  The  negative  signal  was  probably  due  to  the  flow  of  electrons  from  the  floating 
trace  to  the  grounded  trace.  In  another  process,  the  transient  signal  coupled  to  a 
nearby  conductor  consisted  of  two  distinct  parts.  The  first  part  was  the  negative 
narrow  pulse  width  signal  (Fig.  4a)  with  characteristics  similar  to  the  previously 
mentioned  signal.  The  second  port  of  the  signal  consists  of  a  positive  signal  with 
a  wide  pulse  width  (400  ns).  The  negative  portion  of  this  signal  was  again  due  to 
the  floating  circuit  trace  discharge.  However,  this  discharge  also  caused  the 
expulsion  of  electrons  stored  In  the  circuit  board  material.  These  blowoff  elec¬ 
trons,  which  were  many  times  greater  in  number  than  the  electrons  stored  in  the 
floating  circuit  trace,  were  collected  by  the  plasma  detector.  This  process  was 
confirmed  by  the  negative  wide  pulse  width  signal  on  the  plasma  current  collector 
(Fig,  4b).  The  positive  signal  detected  by  the  grounded  trace  was  due  to  the  return 
current  of  the  electrons  stored  in  the  circuit  board. 

Experiments  with  conformal  coated  circuit  board  A  indicated  the  maximum  energy 
and  voltage  of  the  transient  was  reduce  by  a  factor  of  2  or  more.  The  reduction  is 
due  to  the  fact  that  the  conformal  coating  reduces  the  efficiency  of  coupling  by 
eliminating  the  direct  couple  path. 

After  performing  a  variety  of  tests  on  Kapton  and  Teflon  flight  cabling,  it 
became  obvious  that  the  danger  lay  not  in  the  dielectrics  of  the  cabling  but  the 
problems  associated  with  floating  conductors  that  may  exist  in  the  cabling.  Induced 
transients  with  voltages  of  4-6  V  were  observed  when  the  dielectric  insulation  of 
the  cable  discharged.  However,  due  to  engineering  changes  or  undetermined  plans, 
wires  within  the  cable  bundle  may  end  up  not  being  used.  These  wires  would  exist  as 
floating  conductors  inside  the  bundle  during  the  Galileo  mission.  Once  in  the 
Jovian  environment  the  bundle  would  be  exposed  to  penetrating  radiation.  The  wires 
could  then  be  charged  to  high  enough  potentials  to  breakdown  the  insulation  of  tha 
wires  or  the  connectors.  Typical  discharge  signals  associated  with  grounded  and 
floating  conductors  Inside  cable  bundles  are  shown  in  Figs.  Sa  and  3b.  This  signal 
was  detected  by  a  grounded  (through  S3  ohm)  conductor  in  the  cable  bundle.  Notice 
the  difference  in  magnitudes  of  transient  signals  between  tha  two  cases. 

It  was  found  that  when  one  varied  the  lmpedancs  of  ths  monitored  wire  the  affect 
was  to  alts?  the  pulse  width  of  the  Induced  transient.  The  amplitude  of  the 
transient  remained  at  basically  ths  same  level.  This  seems  to  indicate  that  the 
governing  impedance  of  the  detection  system  actually  depends  on  the  source  impedance 
of  tha  discharge  ltaalf. 

DESIGN  GUIDELINE  DISCUSSION 


From  the  measured  waveforms,  the  energy  that  can  be  coupled  to  a  load  of 
impedance  R  is  given  by  the  following  equation) 


V  2 

‘  --H-T 
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Whera  Vp-  la  the  peak  voltage,  R  la  the  lapadanca,  and  T  la  the  pulse  width.  Since 
aoat  of  the  obaarvad  wavaforna  raaaabla  a  damped  alna  wave,  to  add  eome  conservatism 
In  the  energy  calculation  T  la  the  e-folding  pulae  width*  This  method  waa  applied 
to  calculate  the  energy  of  all  tranalent  puleea  obaarvad. 

In  the  diacharge  of  each  circuit  trace,  puleea  of  different  magnitudes  were  ob¬ 
aarvad.  Aa  an  engineering  approach,  only  the  puleea  with  the  highaat  magnitude 
(Table  2)  were  uaed  for  the  correlation  atudy.  The  energy  and  voltage  data  are 
plotted  In  Flga.  6a  and  6b.  In  both  plota,  the  data  obtained  from  circuit  trace 
element  #4  were  oaritted.  Flgurea  6a  and  6b  do  Indicate  a  trend,  i.e.  the  voltage 
and  energy  that  cun  couple  to  a  load  lncreaaea  with  the  area  of  the  circuit  tracea. 

The  reaulta  obtained  for  elementa  6-8  on  the  noncoated  A  circuit  board  did  not 
dlaplay  any  conalatency  In  teraa  of  floating  trace  apecing  end  the  resulting 
tranalent  parameters.  Testa  performed  on  circuit  board  B  indicated  that  the 
tranalent  parameters  did  not  show  any  correlation  with  either  the  spacing  or  the 
length  of  the  circuit  tracea.  With  additional  statlatica  it  may  be  possible  to 
determine  aome  relationships. 

Aa  mentioned  In  the  previous  aaction,  the  cable  testa  indicated  that  the 
breakdown  of  cable  Insulation  would  Induce  a  4-6  V  tranalent  on  the  conductors  of 
the  cablsa.  This  low  voltage  level  la  acceptable  to  Galileo  spacecraft  aubayatema 
since  all  the  circuits  are  designed  to  withstand  a  10-V  tranalent  voltage.  However, 
the  breakdown  of  cables  with  floating  conductors  can  Induce  voltage  In  excess  of  10  V 
Into  circuitry |  therefore,  a  design  requirement  la  needed  for  cablsa  with  floating 
conductors.  In  order  to  derive  this  requirement,  the  results  from  the  Teflon  cable 
bundle  test  and  the  DHS  cable  teat  were  used.  Figures  7a  and  7b  display  the  voltage 
and  energy  that  were  coupled  to  a  50-ohm  load,  respectively.  The  upper  data  point 
Is  for  the  Teflon  cable  bundle.  There  were  several  floating  conductors  In  both  the 
Teflon  and  the  DHS  cable  bundles.  Because  of  the  wide  pulae  width  of  the  observed 
diachargea,  the  discharges  were  moat  llkley  caused  by  more  than  one  floating 
conductor.  The  error  bare  in  Figs.  7a  and  7b  indicate  the  uncertainties  in  the 
total  length  of  floating  conductor  Involved  in  the  observed  discharges. 

Stepa  were  taken  to  define  design  guidelines  baaed  on  the  information  derived 
from  the  teste.  The  raw  data  provided  a  margin  of  one.  However,  for  engineering 
purposes  a  safety  factor  of  two  was  incorporated  into  the  design  guidelines.  These 
design  guidelines  had  their  origin  in  the  assumption  that  an  IC  would  not  bo  damaged 
by  a  transient  having  a  voltage  of  20  V  and  an  energy  of  4  pj.  The  two  design 
guidelines  derived  arei 

U)  All  individual  wires  exceeding  25  cm  in  length  within  subsystem  wire 

harneaaee,  Orbiter  aystem  wire  harnesses,  and  aeaembly-to-syetem  interface 
cabling  shall  have  a  conductive  path  to  ground  with  1x10®  ohm  resistance 
when  measured  in  air  or  lxlO12  ohm  resistance  when  measured  in  vacuum. 

(2)  All  radiation  shields,  circuit  traces,  and  conductor  with  a  surface  area 
greater  than  3.2  cm2  shall  be  electrically  grounded  unless  one  of  the 
following  conditions  can  be  verified i 

(a)  Hie  conductive  element  and  circuit  is  identical  to  Voyager  and  is 
approved  by  the  Environmental  Requirements  Engineer  and  Orbiter 
Manager  to  be  an  acceptable  risk. 


•  w 


(b)  The  conductive  element  Is  verified  by  test  or  analysis  to  have 
<1x10^  ohm  resistance  to  ground  in  air  or  1  m1  O'1 2  ohm 
resistance  in  vacuum* 
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TABLE  1.  -  RESULTS  OF  ELECTRON  IRRADIATION  TESTS  FOR  VARIOUS  GALILEO 

SPACECRAFT  COMPONENTS 
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TABLE  2.  -  TRANSIENT  PARAMETERS  OBSERVED  DURING  DISCHARGE  OF  ELEMENTS  OF 
_ NONCOATED  BOARD  A 

ELEMENT  WORST-CASE  USD  TRANSIENT  PARAMETERS 
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Figure  1.  -  Target  chamber  and  fixtures, 


TIME  (ns) 


Figure  3.  -  An  Interpellate  discharge  pulse  observed  during  electron  beam  Irra¬ 
diation  of  circuit  boards  with  floating  circuit  trace.  Detector  is  a  nearby 
grounded  trace. 


(a)  Detector,  nearby  grounded  trace.  (b)  Detector,  plasm*,  current  detector. 


Figure  4.  -  Large  discharge  pulse  observed  during  electron  beam  irradiation  of 
circuit  board  with  floating  traces. 
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(b)  Floating  conductors. 


Figure  5.  -  Discharge  pulses  observed  during  electron  beam  irradiation  of 
Teflon  cable  bundle.  Detector  In  both  cases  was  a  grounded  conductor  within 
cable  bundle. 
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(a)  Voltage  versus  area. 


AREA  tem  I 


(a)  Voltage  versus  area.  (b)  Energy  versus  area. 

Figure  6.  -  Dependence  of  transient  parameters  on  circuit  trace  area. 
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(a)  Voltage  versus  length.  (b)  Energy  versus  length. 

Figure  7.  -  Dependence  of  transient  parameters  on  floating  conductor  length. 
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CHARACTERISTICS  OF  EMI  QENERATEO  BY  NEGATIVE  METAL/POSITIVE  OIELECTRIC 
VOLTAGE  STRESSES  OUE  TO  SPACECRAFT  CHARGING 


R.  C.  Chaky  and  G.  T.  Inouye 
TRW  Space  and  Technology  Group 
Redondo  Beach,  California  90278 


Charging  of  spaoeoraft  aurfaoea  by  the  environmental  plasma  oan  result  In 
differential  potentials  between  metallic  struoture  and  adjacent  dielectric 
surfaoes  in  whloh  the  relative  polarity  of  the  voltage  stress  Is  either 
negative  dieleotrlo/posltlve  metal  or  negative  metal/posltlve  dleleotrlo.  The 
first  stress  polarity,  negative  dieleotrlo/posltlve  metal,  has  been  studied 
extensively  In  prior  work  In  whloh  dleleotrlo  targets  were  bombarded  with 
electrons.  The  aeoond  polarity,  negative  metal/posltlve  dleleotrlo,  has  not 
had  much  research  attention,  although  this  stress  condition  may  arise  If 
relatively  large  areas  of  spaoaoraft  surfaoe  metals  ars  shadowed  from  solar  UV  . 
and/or  If  the  UV  Intensity  Is  reduoed  as  In  the  situation  In  whloh  the 
spaoeoraft  Is  entering  Into  or  leaving  eollpse.  Zn  this  paper  we  present 
results  of  experimental  studies  of  negative  metal/posltlve  dleleotrlo  systems. 

NASCAP  oharglng  analyses  and  5CATHA  data  have  shown  that  differential 
stresses  greater  than  3-6  kV  of  either  polarity  are  not  easily  generated  on 
spaoeoraft  exposed  to  the  geosynohronous  orbit  environment.  Measurements  by 
many  workers  have  shown  that  negative  dieleotrlo/posltlve  metal  eleatrostatlo 
discharge  (BSD)  thresholds  are  In  the  10-20  kV  range.  Negative  metal/posltlve 
dleleotrlo  dlsoharge  thresholds  are  In  the  1-3  kV  range,  and  are  therefore 
muoh  more  likely  to  be  the  souroe  of  ln-orblt  eleotromagnetlo  Interference 
(EMI).  Prior  studies  (1,  2,  3)  have  Identified  this  more  viable  aro  dlsoharge 
mode  In  a  qualitative  sense.  Figure  1  illustrates  some  of  the  features  of  the 
phenomena  associated  with  the  negative  metal/posltlve  dleleotrlo 
configuration.  Figure  1  Is  a  strip  ohart  reoord  obtained  with  a  solar  osll 
teat  sample  biased  negatively  by  a  power  supply  through  a  10  kilomegohm  series 
resistor.  The  positive  dleleotrlo  (oover  glass)  potential  Is  generated  by 
photoemlsslon  lnduoed  by  UV  Irradiation.  The  setup  Is  shown  In  Figure  2.  The 
voltage-divided  substrate  voltage,  V,  provides  the  input  for  the  strip  ohart 
reoorder.  With  the  bias  voltage  applied,  turning  on  the  UV  reduoes  the 
substrate  voltage  by  the  normal  photoemlsslon  ourrent  IR  drop,  i.e.,  the 
sample  voltage  V8  drops  from  7.1  kilovolts  to  6.9  kilovolts.  Shortly  after 
the  lamps  are  turned  on  aro  disoharges,  blowoff  of  electrons,  are  seen  as 
momsntary  pulses  raising  the  substrate  voltage  towards  sero  volts.  About  a 
minute  later  the  substrate  voltage  settles  below  -1  kV,  a  steady-state 
oondltlon  of  enhanoed  eleotron  emission.  The  noisiness  of  the  enhanoed 
emission  ourrent  should  be  noted.  At  7.32  minutes  the  UV  lamps  are  turned 
off,  but  the  enhanced  eleotron  emission  (e3)  continues.  This  oondltlon  may 
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oontlnue  for  fcona  of  minutes  or  My  abruptly  or  gradually  "wear  out**  and 
raturn  to  a  norMl  photoemiaslon  level  with  tha  UV  lamps  on,  and  only  aro 
dlsoharga,  or  My  ravart  to  tha  e3  stats.  Tha  phanoMna  assoolatsd  with  tha 
negative  metel/positive  dlaleotrlo  oonfiguratlon  ara  summarised  balowi 

o  Aro  dlsohargas  at  low  voltages  (1-3  kV) 

o  Bnohanoad  alaotron  amission  (a3) 

o  Corona-Ilka  nolsa  assoolatsd  with  a 3 

figure  3  shows  tha  surfaoa  and  struotura  potantlals  ralativa  to  tha  far 
plasM  oaloulatsd  as  a  funotlon  of  tha  solar  UV  lntanalty  for  a  thraa-axls 
stabillsad  spaoaoraft.  Xn  full  sunlight,  sunlit  dlalaotrlo  surfaoas  as  wall 
as  struotura  ara  a  faw  volts  posltlva,  Mlnly  baoausa  of  tha  pradomlnanoa  of 
photoaalsslon  ourrants  ovar  tha  inoident  nagativa  ourrsnts  dua  to  tha  substora 
alaotrons.  Dork  dlalaotrlo  surfaoas,  surfaoas  shadowad  by  othar  parts  of  tha 
spaoaoraft,  ara  2-3  kV  nagativa  baoausa  thasa  surfaoas  ara  not 
photoaaltting.  As  tha  UV  lntanalty  Is  deoreased,  tha  struotura  potantlal 
drops  towards  -3  kV  first  baoausa  Its  sxposad  surfaoas  ara  both  sunlit  and 
shadowad.  Tha  sunlit  dlalaotrlo  surfaoas  eventually  also  drop  to  -3  kV  at 
about  205  of  full  sunlight.  At  saro  UV  lntanslty,  ooaplata  aollpsa,  all 
potantlals  ara  naarly  equal  at  about  -3  kV. 

figure  4  shows  tha  differential  voltages  ralativa  to  struotura  ooaputed 
from  tha  data  for  Figure  3*  Tha  positive  dlalaotrlo  voltages,  tha  sunlit 
surfaoas,  peak  at' about  plus  2.8  kV  at  about  205  of  full  sunlight,  a 
photoaalsslon  ourrent  density,  Juv,  of  above  0.5  na/om2.  This,  than,  Is  tha 
reglM  In  whloh  tha  low  voltage  reversed  polarity  aro  dlsohargas  My  be 
expected  to  ooour  most  readily,  figure  5,  from  tha  paper  by  H.  C.  Koons  (4), 
shows  aro  dlsohargas  observed  on  tha  P78-2  (SCATHA)  satellite  as  It  goes  Into 
and  out  of  aollpsa  during  a  substora, 

Aro  dlsoharga  blowoff  currant  magnitudes  and  those  of  tha  assoolatad 
replaoeaant  ourrants  depend  on  tha  oapaoitanoe  of  tha  spaoaoraft  to  spaoa. 

This  oapaoitanoe  to  spaoa  Is  dlreotly  proportional  to  tha  linear  dimensions  of 
tha  spaoaoraft,  and  hanoa  tha  hatard  dua  to  blowoff  will  Inoreaso  as 
spaoaoraft  beooae  larger  In  future  designs.  Struotural  replaoeaent  ourrents 
are  oolleoted  over  all  spaoeoraft  surfaoas  and  flow  baok  towards  tha  arolng 
souroa*  They  beooae  more  and  more  oonoentrated  near  the  souroe,  but  the 
possibility  exists  for  ooupllng  unwanted  EMI  into  vlotlm  olroults  remote  from 
the  souroe.  Tha  flashovar  component  of  a  positive  dlalaotrlo  dlsoharga 
lnoraasas  with  tha  souroa  dimension,  but  Its  affeots  are  oonflned  to  localised 
eleotrostatlo  and  magnet lo  ooupllng.  Tho  peak  voltage  assoolatad  with  these 
dlsohargas  was  found  to  be  that  of  the  negative  metal  potential  prior  to  the 
dlsoharga,  a  positive-going  step  In  0.5  to  1.5  mloroseoonda.  Tha  raoovary 
time  to  re-adjust  to  the  original  negative  potential  was  tha  RC  reoharge  time 
oonstant,  on  the  order  of  a  fraotion  of  a  millisecond. 

Another  faoat  of  tha  EMX  generated  by  the  negative  metal/posltlve 
dlalaotrlo  oonfiguratlon  arises  If  It  results  In  tha  enhanced  steady-state 
oorona-llka  alaotron  amission  condition.  The  emission  ourrents  exhibit  an 
Impulsive  noise  oharaoterlstio  whloh  lnoraasas  in  amplitude  and  frequenoy  of 
ooourrenoe  with  the  level  of  emission  ourrent.  We  Interpret  this  noise 


characteristic  as  being  due  to  the  burn-up  of  localised  sharply  polntad  high 
fltld  atalsslon  aouroaa.  Pack  nolsa  voltages  of  1.5  kV  and  ourrants  of 
4  aioroamps  have  baan  observed  on  a  atrip  ohart  raoordar  (0-10  Ha 
bandwidth).  On  a  vide  band  oaollloaoopa  tha  amplitude  and  rlsetlaes  may 
approaoh  those  of  tha  Individual  discharges  disoussad  earlier. 


TEST  CONFIGURATION 


Teat  ware  performed  in  a  2'  x  4*  vaouum  ohanber  at  pressures  between  10“5 
and  10"°  Torr.  Negative  sample  substrata  potentials  ware  obtained  with  a  high 
voltage  power  supply,  and  the  more  positive  but  still  negative  dleleotrlo 
surfaoe  potentials  were  obtained  by  irradiation  with  meroury  UV  lamps.  The 
test  setup  for  IMI  characterisation  is  shown  in  Figure  6.  Earlier  testa  by 
Inouye  and  Sellen  (1)  applied  the  negative  bias  with  an  eleotron  beam  from  a 
gun  looated  at  the  opposite  end  of  the  vaouum  ohamber  to  more  nearly  simulate 
the  in-orbit  situation.  The  adjustable  (0  to  20  kV)  power  supply  with 
selectable  series  resistor,  (80  Hog  to  10  kMeg),  provides  a  more  easily 
controlled  and  defined  source  of  negative  bias. 

The  25  kMeg  -  1  Meg  resistive  divider  tied  to  the  point  between  R^  and 
the  sample  performs  two  Important  funotlons.  First,  it  provides  a  convenient 
measure  of  sample  voltage,  and  beoausa  of  the  XRj  voltage  drop,  the  sample 
amission  ourrent.  the  strip  ohart  raoord  of  Figure  1  was  obtained  at  this 
test  point.  Even  more  important,  the  25  kMeg,  in  parallel  with  Rj,  isolates 
the  sample  from  the  vaouum  system  ground  and  allows  the  sample  potential  to 
more  nearly  simulate  equilibration  as  it  would  ooour  In  orbit.  Short  duration 
aro  discharge  voltage  swings  and  assoolated  currents  will  also  be  more  olosely 
simulated  than  in  test  configurations  in  which  low  impedance  (power  supply 
output  impedances,  50  ohm  oable  terminations)  were  used. 

The  strip  ohart  reeord  provides  a  low  frequenoy  (0-10  Hi)  measure  of  the 
sample  voltage  and  ourrent  whloh  la  fins  as  an  indloatlon  of  equilibration 
ourrents,  but  is  only  a  qualitative  measure  of  the  total  eleotromagnetio 
interferenoe  (MI)  situation.  The  additional  ciroultry  shown  in  Figure  6 
provides  the  neoeasary  diagnostics  to  define  the  higher  frequenoy  IMI 
ooaponents.  The  test  sample  is  further  isolated  with  a  15  Meg  resistor,  and 
Cy/Cp  is  a  oapaoltlve  voltage  divider,  just  outside  the  vaouum  chamber,  whloh 
provides  a  measure  of  sample  voltage.  The  1  ohm  resistor  at  the  bottom  of  C2 
provides  a  direct  measure  of  ths  sample  ourrent.  C^»  25  pf  to  0.1  uf, 
represents  the  spaoeoraft  oapaoltanoe  to  spaoe.  These  two  oapaoitanoe  values, 
for  a  spherloal  spaoeoraft,  represent  spaoeoraft  radii  of  0.5  m  and  1  km 
respectively,  and  will  be  demonstrated  that  the  spaoeorAft  dimension  has  a 
orltloal  effect  on  the  oharaoter  of  aro  dlsoharges. 

The  sample  voltages  and  ourrents  measured  by  <!1(  c2  and  the  1  ohm 
resistor  and  the  strip  ohart  reoord  provide  a  measure  only  of  emitted  or 
blowout  ourrents.  Another  component,  the  flashover  ourrents  whloh  flow  from 
the  front  of  the  dleleotrlo  dlreotly  to  the  substrate,  cannot  be  deteoted  at 
the  1  ohm  resistor.  That  his  component  exists  and  that  a  uniform  wlpeoff  of 
the  initial  charge  ooours  has  been  demonstrated  by  scanning  the  dleleotrlo 
surfaoe  potential  with  an  electrostatic  voltage  probe  (not  shown  in  Figure  6) 
before  and  after  a  dlsoharge.  A  loop  antenna  with  its  axis  parallel  to  the 
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plant  of  tht  dleleotrlo  hca  boon  lnatalltd  to  attonpt  to  obtain  a  measure  of 
tha  flaahover  ourrents,  Slnot  tht  dlptotlon  of  aurfaot  ourrent  flow  la 
ran dot,  only  a  qualitative  Indication  la  to  bt  txptottd.  Tht  blowout 
ooaponant  may  alao  oouplt  aagnttlo  flux  Into  thla  horliontal  loop.  Xta  tint 
history,  howsvsr,  la  known  fro*  tha  1  ohm  reals tor,  and  therefore  tha  loop  nay 
provide  data  on  the  flashover  ooaponant. 

Two  stainless  steal  wire  aeshas  are  located  in  front  of  the  test  sample 
between  the  sample  and  the  UV  lamps.  They  have  a  transparency  of  80  to  90 
peroent  and  htnot  do  not  materially  affeot  the  UV  intensity  at  the  sample* 
These  meshes  vert  Installed  to  deteot  separately  the  eleotrona  and  the 
positive  Ion  oomponents  of  the  blowoff  ourrent.  The  first  grid  is  grounded 
through  50  ohms,  and  the  eeoond  Is  biased  negatively,  after  filtering,  from 
the  power  supply.  The  first  grid  at  ground  potential  Is  neoesaary  to  permit 
photoeleotrons  to  leave  the  dleleotrlo  aurfaoe,  thus  biasing  that  surfaoe 
positively  relative  to  the  metalllo  substrate. 


TEST  RESULTS 


The  majority  of  teat  samples  in  the  tests  reported  here  were  solar  oells 
mounted  in  the  oonflguratlon  shown  In  Figure  7.  Table  1  lists  the  eight 
various  combinations  of  ooverglaas  material,  lnteroonneot  type  and  Insulation 
(or  not)  from  the  aluminum  substrate.  Samples  9  and  10  were  duplicates  of 
Sample  1  and  2,  One  objeotlve  of  the  tests  was  to  determine  whloh  type  of 
sample  exhibited  enhanced  eleotron  emission  and  whloh  did  not.  Only  a  few 
samples  exhibited  e3,  and  not  all  arc  dlsoharged.  Table  2  summarises  the 
results. 

The  following  results  on  detailed  MX  characteristics  wore  obtained  on  a 
solar  oell  sample  with  the  normal  lnteroonneota ,  fused  sllloa  ooverglass  and 
Kapton  Insulation,  Sample  No.  1  on  Table  1.  Figure  6  is  a  plot  of  the  steady* 
state  e3  ourrent  versus  sample  voltage.  Xt  shows  .that  e3  ourrents  become 
slgnlfioant  above  200  volts  and  Inorease  monotonlbally  with  Increasing  sample 
voltage.  Figure  9  Is  a  plot  of  peak  noise  ourrents  as  seen  on  the  atrip  ohart 
record  (0-10  Hs)  as  a  function  of  the  do  e3  ourrent.  Peak  noise  voltages  of 
1.5  kV  and  4  microamperes  In  amplitude  have  been  observed.  On  a  wideband 
osclllosoope  these  peaks  oan  be  as  high  as  the  Individual  aro  discharges  whloh 
are  dlsoussed  next.  The  main  point  here  Is  that  the  steady-state  e3  oondltlon 
Is  best  described  as  being  porona-llke  and  Is  very  noisy.  One  other  Important 
aspect  of  enhanoed  eleotron  emission  Is  Its  very  localised  nature.  By 
ooverlng  suooesslvely  smaller  halves  of  the  teat  sample  surfaoe  with  5  mil 
Kapton,  nearly  the  entire  emlsaon  ourrent  was  found  to  be  emitted  from  less 
than  1/128  of  the  total  sample  area.  This  small  exposed  area,  of  oourse, 
lnoluded  some  metal  and  seme  dleleotrlo.  Thus,  e3  ourrents  are  emitted  from  a 
extremely  looallsed  aouroe,  and  should  not  be  considered  as  a  per  unit  area 
phenomenon  suoh  as  the  charging  prooess. 

Aro  discharges  due  to  negative  metal-positive  dleleotrlo  oharges  were 
Investigated  at  the  dlagnostlo  points  shown  in  Figure  6  using  a  wideband 
osolllosoope  and  Polaroid  camera.  Most  of  the  oscilloscope  waveform  reoords 
were  taken  with  Ci  equal  to  100  pf  (a  1  meter  radius  spaoeoraft),  and  Cg  equal 
to  .05  uf,  a  500tl  voltage  division  ratio.  Figure  10a  Is  the  substrate 
voltage  waveform  showing  a  rise  from  the  predisoharge  potential  (-3  kV)  to 
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zero  volts  in  about  1.2  ps.  The  voltage  falls  back  to  the  predischarge  level 
in  about  5  ps,  a  tine  defined  by  the  spacecraft  capacitance  and  the  chargeup 
current  defined  by  the  series  resistor,  R^,  in  our  test  setup.  Figure  10b  is 
the  rate-of-change  of  current  as  measured  by  the  loop  antenna.  Figure  10c  is 
the  substrate  voltage  when  is  made  to  be  0.1  pf  and  C2  is  replaced  with  a 
50  ohm  resistor.  The  voltage  risetime  is  6  ps,  and  the  total  pulsewidth  is 
about  20  ps.  Figure  lOd  is  the  voltage  waveform  at  the  first  grid  or  mesh  in 
front  of  the  test  sample ,  with  C  ^  equal  to  100  pf .  'The  mesh  is  collecting 
blowoff  electrons  most  of  the  time  except  for  a  positive  pip  at  the  end  due  to 
ions.  Figure  lOe  is  the  same  mesh  current  when  C-j  is  25  pf.  The  collected 
current  is  ionic  for  most  of  the  time  except  for  a  3hort  electronic  pip  at  the 
beginning.  For  values  of  C1  greater  than  100  pf,  the  waveform  is  always 
negative.  Figure  lOf  is  the  waveform  at  the  second  grid  when  it  is  biased 
negatively.  Positive  ions  are  collected  after  the  first  microsecond  with  a 
risetime  of  about  6  ps.  The  ionic  current  pulse  lasts  for  about  6  ms.  These 
waveforms  demonstrate  that  the  discharges  are  not  purely  electronic,  but  that 
ions  are  intimately  involved  in  the  discharge  process. 


DISCUSSION  AND  CONCLUSIONS 


The  test  results  ported  here  characterizing  the  EMI  generated  by 
negative  metal/positive  dielectric  voltage  stresses  are  not  all-encompa33ing 
nor  complete.  However,  important  data  has  been  obtained: 

o  Enchanced  electron  emission  I-V  curves 

o  e^  corona  noise  vs  e^  steady-state  current 

o  Localized  nature  of  e^  and  negative  metal  arc  discharge  currents 

o  Negative  metal  arc  discharges  at  stress  thresholds  below 
1  kilovolt 

o  Negative  metal  arc  discharge  characteristics 

o  Dependence  of  blowoff  arc  discharge  current  on  spacecraft  capacitance 
to  space  (linear  dimension) 

o  Damage  to  second  surface  mirrors  due  to  negative  metal  arcs 

Among  the  arc  discharge  parameters  of  interest  are  the  relatively  slow 
risetimes  on  the  order  of  1  ps  for  approximately  200  cm2  sample  sizes.  A 
quick-look  analysis  of  the  phenomenology  of  a  negative  metal  discharge  as 
compared  to  that  of  a  brushfire  model  developed  for  the  opposite  stress 
polarity,  positive  metal/regative  dielectric,  leads  to  many  dissimilarities  in 
the  physical  situations.  For  example,  field  emission  of  electrons  Is  possible 
from  a  negative  metal  but  not  from  a  positive  metal.  The  empirical  data  shows 
that  risetimes  are  too  slow  for  purely  electronic  processes,  and  the  detection 
of  an  ionic  component  in  the  blowoff  current  indicates  that  many  aspects  of 
the  brushfire  model  may  yet  be  applicable.  The  slow  ’•’iuetime  as  compared  to 


disoharges  of  the  opposite  polarity  may  have  to  do  with  tha  raduoad  breakdown 
voltafa  thraahold  rathar  than  any  fundamental  dlffaranoa  In  tha  on-going 
physioal  prooaasaa. 

A  significant  aapaot  of  tha  blowoff  ourrant  la  that  it  lnorsaaaa  in 
aagnituda  aa  tha  spaoaoraft  oapaoltanoa  to  speoe,  in  our  test ,  inoreaaes. 
Figure  11  ahowa  tha  linaar  rlaa  of  paak  diaoharga  ourrant  va  obtained  in 
our  tests.  Our  taat  data  also  lndioata  that,  unlike  tha  pradiotion  of  the 
bruahfire  theory  for  discharges  of  tha  opposite  polarity,  tha  blowoff  ourrant 
souroe  la  looaliied  rathar  than  loving  over  tha  surfaoe  at  tha  head  of  tha 
bruahfire  wavefront*  Tha  oraoklng  of  seoond  surfaoe  airrora,  not  observed 
with  tha  positive  aatal  polarity,  la  a  further  indication  of  this  aapaot  of 
negative  aatal  disoharges. 

Much  aore  work  needs  to  be  dona  in  understanding  tha  phenoaenology  of 
negative  aetal/positlve  dleleotrlos  disoharges,  and  in  characterising  tha 
various  asaoolatad  EMI  paraaatara.  For  example,  tha  dependence  of  diaoharga 
oharaotarlatloa  on  saapla  area,  saapla  thloknesa  and  saapla  material  have  not 
bean  determined,  and  a  baaio  phanoaanologloal  modal  has  not  bean  developed 
which  la  oonpletely  consistent  with  our  physioal  intuition  and  tha 
observational  data.  Tha  authors  acknowledge  tha  skillful  assistance  of 
J.  R.  Valias  in  obtaining  tha  laboratory  test  data. 
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TABLE  1.  -  CHARACTERISTICS  OF  INDIVIDUAL  SOLAR  CELL  SAMPLES.  (Samples  1,  2, 
9,  and  10  are  most  nearly  flight-like.) 


SAMRLI 
NUMBS R 


COVIN  QUASI 
MATSRIAL 

INTiACONNICTS 

USIO 

KAATON 
USIO  AS 

INSULATION 

RUltD  SILICA 

STANDARD 

VIS 

CIAIA  OLASS 

STANDARD 

VIS 

ROMO  SILICA 

IN-RLANI 

VIS 

CIAIA  QUASI 

IN'ALANI 

VIS 

RUSSO  SILICA 

NONI 

YIS 

CIAIA  OLASS 

NONI 

YIS 

RUUD  SILICA 

NONI 

NO 

CIAIA  GLASS 

NONI 

NO 

RUSSO  SILICA 

STANDARD 

YIS 

CIAIA  QLAU 

STANDARD 

YIS 

if 

RHOTOIMIISION 
CURRINT  (NAI 

ARCINQ 

INHANCID  SLICTRON 
■MISSION 

i 

4.0 

VIS 

VIS 

3 

4.1 

VIS 

NO* 

1 

4.0 

VIS 

NO 

4 

3.4 

VIS 

NO 

1 

07 

VIS 

NO 

S 

0.042 

VIS 

NO 

7 

MO 

VIS 

VIS 

S 

MS 

vis 

NO* 

» 

3.S 

VIS 

NO* 

10 

IS 

NO 

NO* 

‘Wl  HAVI  01*1  AVID  I1  PRIVIOUSLY  AOR  THIS  CONAIOURATION,  BUT  NOT 
THIS  SAMRLI 


■  W] 

*1 


TABLE  2.  -  SOLAR  CELL  TEST  SUMMARY 


.  ..  ■  t  *"■ 

. . -  '4 


<  imwi*' 


—  t*1S.3S  MIN.  TURN  OPPVA 


I*  11.1  MIN.  LAMPS  OPP. 


t-IS.OSMlN.  CHANQI  SCALl: 
Vg*3.S  kV  PULL  SCAL1 

1*13.14  MIN,  LAMPS  ON. 

(*13.0S  MIN.  TURN  ON  VA 
VA*-10kV. 

t- IMS  MIN.  TURNOPPVa 


—  t*  ISIS  MIN.  LAMPS  OPP 

__  HI  SS  MIN.  LAMPS  ON. 

—  HMfrMIN. 


—  1*7.31  MIN.  LAMPS  OPP. 


1*4.3  MIN.  LAMPS  ON. 

vA-tonv. 

VA*SkV. 

INCRIMSNTVA. 

1*3,3  MIN.  CHANQI  SCALl: 
V|*-7  lkV  PULL  SCALl, 

incrimintva. 

vA « i  kv. 

VA  •  3  kV. 

HX  VA  •  I  kV.  V|  •  -3.S  kV 
PULL  SCALl. 


Figure  1.  -  Strip  chart  record  of  voltage  variation  In  time,  for  solar  cell 
sample.  (This  Illustrates  noisy  voltage  characteristic  of  enhanced  electron 

emission, ) 


W 


UVWJff* 


Figure  2.  -  Schematic  of  test  setup  using  negative  applied  voltage  and  UV 
1  amps . 


Figure  3.  -  Spacecraft  surface  potentials  for  NASA  severe  environment  as  func¬ 
tion  of  photoemission  current  density,  computed  using  TSCAT  (TRW  spacecraft 
charging  technique). 
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Figure  4. 


-  Differential  surface  voltages  corresponding  to  figure  3. 
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OFPnnoL  PAaE  « 
POOR  QUALITY 


UNI Vt MAI  THM  WOUAMINI 

Figure  5.  -  Correlation  of  occurrence  of  arc  discharges  in  SCATHA  P78-2  space 
craft  with  reduced  sunlight  Intensity  with  entrance  and  exit  for  eclipse 
(Coincides  with  peak  in  differential  surface  voltages  from  figure  4.). 


■oMtan 


(e)  First  grid  blowoff  current:  Ci  -  (0  Second  grid  blowoff  current:  Shows 

26  pF;  1  wsec  to  positive  peak  (Ions).  Ion  collection;  risetime  ■  6  usee. 

Figure  10.  -  Negative  metal  arc  discharge  waveforms. 
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LABORATORY  STUDIES  OF  SPACECRAFT  RESPONSE  TO  TRANSIENT  DISCHARGE  PULSES* 


J.  E.  Nanevlcz  and  R.  C.  Adamo 
SRI  International 
Menlo  Park,  California  94025 


A  lit  of  preliminary  laboratory  experiments  waa  conducted  to  inveatlgate 
aeveral  baaic  taauea  In  connection  with  the  in-orbit  maaiurement  of  apacecraft 
discharge  properties*  These  Include  design  and  fabrication  of  appropriate  aeneora 
and  effects  of  spacecraft  electromagnetic  responses  on  the  interpretation  of  the 
discharge  data.  Electric  field  aenaora  especially  designed  to  respond  to  high-speed 
transient  signals  vara  installed  on  a  mock-up  of  a  satellite*  The  simple  mock-up 
was  basically  a  aheet  of  aluminum  rolled  to  form  a  cylinder*  A  movable  spark-dis¬ 
charge  noise  source  designed  to  be  electromagnetically  isolated  from  its  power 
supply  system  waa  used  to  Induce  transient  signals  at  various  locations  on  the 
"spacecraft' a"  outer  surface.  These  measurements  and  their  resulta  and  Implications 
are  described  herein.  It  is  concluded  that  practical  orbital  measurements  to  define 
discharge  noise  source  properties  should  be  possible,  and  that  simple  mock-ups  of 
the  type  described  below  are  useful  in  sensor  system  design  and  data  interpretation* 


INTRODUCTION 


It  gfs  recognised  about  ten  years  ego  that  spacecraft  charging  occurs 
(ref*  1)  and  constitutee  a  potential  electromagnetic  hasard  to  operational 
satellites  (ref*  2).  In  epite  of  this  awareness,  surprisingly  little  orbital 
information  has  been  generated  to  date  regarding  the  electromagnetic  propertlee  of 
the  discharge  source  (refs*  3,4).  Such  information  is  essential  to  the  proper 
specification,  design,  and  ground  testing  of  satellites. 

In  designing  an  instrumentation  system  for  the  in-orbit  measurement  of 
discharge  properties,  it  is  necessary  to  recognise  and  take  into  account  the  effects 
of  both  tho  sensor  and  spacecraft  in  modifying  the  signal  radiated  by  the 
discharge.  In  particular,  since  the  sensor  antennas  and  the  spacecraft  Itself 
exhibit  electromagnetic  resonances,  the  received  signal  will  not  exactly 


The  work  described  here  was  conducted  as  part  of  SRI'a  Internal  research  and 
development  (IR&D)  activity.  The  authors  are  grateful  to  8RI  and,  in  particular,  J. 
B«  Chown,  the  director  of  the  Electromagnetic  Sciences  laboratory,  for  supporting 
and  providing  the  funding  for  this  work.  The  setup  was  assembled  and  the  experi¬ 
ments  performed  by  W.  C.  Wadsworth*  The  sensors  were  designed  and  built  by  G.  R. 
Hllbers. 

**Raferences  are  Included  at  the  end  of  this  paper* 
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duplicate  the  signal  at  tha  sourca.  To  invaatlgata  tha  problaas  associated  with 
orbital  asasursasnta,  a  rudimentary  laboratory  mock-up  of  a  apacacraft  was  aassablsd 
and  equipped  with  aanaora  and  tranalant-maaaurlng  lnatrumsntatlon •  This  work 
extended  earlier  laboratory  oeaauramanta  conducted  to  Investigate  the 
electromagnetic  properties  of  discharges  on  spacecraft  thermal-control  materials 
(refs.  2,5,6).  Provisions  wars  made  to  excite  the  mock-up  with  an  isolated  spark 
source  and  to  record  the  sensor  responses  to  record  simulated  vacuum  arc. 

Tests  on  the  mock-up  Indicate  that,  with  proper  sensor  design  and  placement,  It 
Is  possible  to  minimise  the  effects  of  sensor  and  vehicle  resonances  In  masking 
Important  characteristics  of  the  signals  generated  by  the  discharge* •  Furthermore, 
the  tests  indicate  that  the  same  simple  Instrumentation  can  be  used  In  orbit  to 
define  certain  Important  characteristics  of  arc  discharges  and  to  Infer  where  on  the 
spacecraft  discharges  are  occurring. 


SENSOR  DESIGN 


It  Is  Important  to  recognise  that  a  discharge  caused  by  spacecraft  charging  is 
a  vary  brief  transient  phenomenon,  and  that  excessive  distortion  of  the  measured 
data  by  successive  reflections  from  tha  ends  of  the  sensing  antenna  (ringing)  must 
be  prevented.  Two  possible  solutions  to  this  problem  are  illustrated  in  figure  1. 
First,  the  sensor  element  may  be  made  long  so  that  the  interesting  portion  of  the 
transient  signal  has  been  recorded  before  the  reflection  from  the  end  of  the  sensor 
returns  (fig.  la).  To  minimise  reflections,  the  far  end  of  tha  sensor  may  be  made 
lossy  and  terminated  In  Its  characteristic  impedance.  Alternatively,  the  dimensions 
of  the  sensor  may  be  made  electrically  small  so  that  the  first  sensor  resonance 
occurs  above  the  highest  frequency  of  interest  (fig.  lb).  In  this  design,  either 
the  source  spectrum  does  not  contain  appreciable  energy  at  the  ringing  frequency  or 
the  measuring  system  bandwidth  is  too  narrow  to  permit  the  ringing  to  be  recorded. 
Although  large  antennas  have  been  considered  for  the  ground-based  study  of  transient 
signals,  electrically  small  sensors  are  the  only  ones  practical  for  tn-f light 
measurements. 

The  electrically  small  field  sensor  provides  an  output  proportional  to  the 
electric  or  magnetic  field  or  Its  derivative  at  the  sensor's  location.  Equivalent 
circuits  for  the  small  electric  dipole,  evolved  during  the  development  of  low-fre¬ 
quency  avionic  systems  (refs.  7,  8)  are  shown  In  figure  2.  The  open-circuit  voltage 
of  the  electric  dipole  le  directly  proportional  to  the  local  electric  field  (fig. 

2a)  while  the  short-circuit  current  Is  proportional  to  the  derivative  of  the 
electric  field  (fig  2b).  The  short-circuit  current  can  be  measured  using  a  broad¬ 
band  current  transformer.  With  modem  hlgh-lmpedence  FET-lnput  amplifiers,  It  is 
possible  to  measure  the  open-circuit  voltage  over  a  wide  range  of  frequencies.  The 
experimenter  Is  therefore  free  to  choose  between  measuring  E  or  D.  In  the 
laboratory  experiment  of  refs.  5  and  6,  a  small  dipole  with  a  built-in  FET  preamp¬ 
lifier  was  used. 

Equivalent  circuits  for  the  magnetic  dipole  are  shown  In  figure  3.  The  open- 
circuit  voltage  of  the  magnetic  dipole  is  proportional  to  the  derivative  of  the 
magnetic  field  (fig.  3a)  and  the  short-circuit  current  Is  proportional  to  the  magne¬ 
tic  field  (fig.  3b).  To  measure  the  short-circuit  current,  the  measuring  apparatus 
must  have  an  insertion  impedance  that  is  small  compared  with  juL,  the  inductive 
reactance  of  the  sensor,  throughout  the  frequency  range  of  interest.  For  a  given 
antenna  inductance,  L,  and  system  input  Impedance,  R,  this  implies  thats 
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Thus,  to  measure  Igc  at  low  frequencies,  tha  loop  Inductance  should  ba  high.  Unfor¬ 
tunately,  siaply  Incraaslng  tha  loop  Inductance  lowers  tha  resonant  frequency  of  tha 
loop  and  reduces  tha  affective  sensitivity  of  the  dipole.  A  aodern  current 
tranforuer  (such  as  tha  Tektronix  CT-2)  aay  have  an  Insertion  Impedance  of  0.04  0  In 
parallel  with  5  pH,  thus  allowing  tha  design  of  loops  responding  directly  to  tha 
tangential  aagnstlc  field  intensity,  H,  over  a  bandwidth  ranging  froa  several  kilo- 
harts  through  H7. 

If  the  loop  lnductanca  la  reduced  to  extend  the  high-frequency  reeponse  to  VHP, 
the  Inductive  reactance  becoaes  small  coapared  to  tha  insertion  lapedance  of  avail¬ 
able  current  probes  over  aueh  of  the  frequency  range  of  interest.  Therefore,  with 
aagnetic  field  sensors  Intended  for  high-frequency  studies,  the  open  circuit  voltage 
Is  usually  measured,  and  so  the  response  is  proportional  to  B. 

At  tha  surface  of  a  good  conductor,  the  magnitude  of  the  eurfeoe  current 
density,  J,  Is  squal  to  the  aegnltude  of  the  tangential  magnetic  field  intensity, 

H.  Thus,  a  skin  current  density  sensor  aay  be  either  a  aagnetic  dipole  (small  half¬ 
loop)  or  a  current  dipole  (small  alot).  The  loop  antenna  responds  to  the  aagnetic 
field  at  the  surface  of  the  conducting  plana  based  on  the  elaaentary  flux  linkage 
concept  (figure  4a).  The  loop  aay  also  be  considered  to  respond  to  the  eurrant 
Induced  in  the  plane  by  the  aagnetic  field.  In  the  dynaalc  field  case,  the  current 
in  the  ground  plane  and  tha  surface  aagnetic  field  are  Inseparable.  A  slot 
Interrupts  the  unifora  currant  density,  J,  that  would  normally  flow  on  the  surface, 
forcing  part  of  this  currant  to  flow  through  the  short-circuited  slot  terminals 
(fig.  4b).  The  slot  current  1st 
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where  A#  Is  the  affective  height  of  the  antenna. 

The  Impedance  of  the  small  slot  Is  primarily  inductive  reactance.  Hence,  the 
opan-circult  voltage  at  the  slot  terminal  1st 

v  ■  V-  &  ■  V  3?  '3> 


The  short-circuit  current  and  open-circuit  voltage  of  a  snail  loop  antenna  are, 
respectively t 

I  *  "  J  and  V  ■  uA  (4) 

whara  A  is  the  area  of  tha  loop,  u  -  4n  x  10  '  H/a,  J  is  the  surface  current 
density,  and  L  is  the  loop  Inductance. 

Shielding  is  necessary  to  make  tha  loop  insensitive  to  the  electric  field., 
Conventional  shielded  loop  design  can  ba  used  for  this  purpose.  Although  loops  ere 
aore  sensitive  than  slots  of  coaparable  else,  they  protrude  from  the  skin  aud  may 
lead  to  mechanical  Interference  problems.  Since  slots  are  flush  with  the  skin,  they 
aay  be  installed  anywhere  a  break  in  the  skin  cen  be  allowed. 
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As  Indicated  earlier,  aaaaurlng  tha  short-circuit  currant  requ  tha  n  ir- 
lng  apparatus  to  have  an  insertion  impudence  that  la  aaall  compared  tha 
inductive  reactance ,  JujL,  throughout  tha  frequency  range  of  Interest.  v-cauae  u  la 
aaall  for  a  aaall  half-loop  and  even  aaallar  for  a  aaall  slot,  it  ia  difficult  to 
aaaaura  the  late-time,  ahort-circuit  currant  directly*  Therefore,  tha  open-circuit 
voltage  la  uaually  aeaaured  in  transient  alec troaagne tic  etudles.  Measurement  of 
magnetic  fields  in  tha  laboratory  experiments  of  rafa.  5  and  6  was  implemented  by 
using  a  series  of  slot  antennas  installed  in  the  ground  plane  of  the  teat  aet  up. 

Tha  problem  of  developing  and  optimising  aanaors  for  transient  electromagnetic 
field  measurements  has  been  of  great  concern  to  the  BMP  community.  Techniques  for 
extending  the  performance  of  tha  basic  aenaora  discussed  above  have  been  developed 
by  Baum  and  others  and  have  bean  published  in  the  Sensor  and  Simulation  Notes  edited 
and  authored  by  Baum  (raf.  9).  Portions  of  this  work  applicable  to  lightning 
measurement  are  contained  in  reference  10.  Many  of  these  sensors  and  sensor 
concepts  can  be  adapted  for  spacecraft  applications. 

In  addition  to  electromagnetic  field  measurements,  the  spacecraft  experimenter 
is  often  Interested  in  the  currents  and  voltages  Induced  in  internal  wiring.  A 
variety  of  commercial  current  transformers  are  available  covering  the  frequency 
range  of  interest*  These  transformers  are  well  shielded  and  designed  to  minimise 
response  to  electric  fields.  Thus,  current  measurements  are  simple  and  straightfor¬ 
ward  to  Instrument. 

Voltage  measurements— particularly  differential  voltage  measurements— may  be 
more  difficult  to  carry  out.  To  measure  the  voltage  between  a  particular  wiro  and 
the  frsae,  the  probe  must  have  adequate  bandwidth,  Impedance,  and  dynamic  range,. 
Measuring  the  differential  voltage  between  a  pair  of  wires  is  more  difficult.  Not 
only  must  tha  probe  be  able  to  cover  the  dynamic  range  and  bandwidth  of  lntereet,  It 
must  function  in  the  presence  of  common-mode  signals  substantially  larger  than  the 
desired  algnal.  The  present  state  of  spacecraft  charging  raaearch  is  such  that 
differential  voltnga  measurements  are  probably  best  deferred  to  the  future. 


8BN80R  PLACEMENT  (AIRFRAME  BFFBCT8) 


An  electromagnetic  field  sensor  providsa  information  about  the  electromagnetic 
fields  at  its  location;  unless  special  precautions  are  taken,  the  vehicle  Itself 
acts  as  an  Integral  part  of  the  sensor.  At  frequencies  corresponding  to  the  vehicle 
resonances,  the  antenna/ spacecraft  system  can  exhibit  complex  interactions.  At  VHP 
and  above,  the  antenna/spacecraft  system  has  the  characteristics  of  the  antenna 
element  mounted  on  a  large,  complex  ground  plane.  These  problems  have  been  studied 
in  substantial  detail  for  aircraft  and  rockets  in  connection  with  antenna  design  and 
investigation  of  BMP  susceptibility  (ref.  11).  In  particular,  for  the  case  of  a 
slander  cylinder,  it  is  possible  to  derive  a  formula  for  the  time  domain  response  to 
a  unit-step  driving  pulse.  The  results  of  such  a  calculation,  shown  in 
Plgure  S,  demonstrate  several  interesting  affects t  the  ringing  of  the  system  at  a 
frequency  determined  by  the  length  of  the  cylinder  is  clearly  evident.  Also,  it 
should  be  noted  that  the  current  is  maximum  at  the  center  of  the  cylinder  (u  -  0) 
and  decreases  as  one  moves  toward  the  ends  (u  ■  1/4).  Thus,  in  the  case  of  a  slim 
cylinder  such  as  an  aircraft  or  rocket,  a  substantial  degree  of  decoupling  from  the 
airframe  resonances  can  be  achieved  by  locating  the  magnetic  sensor  at  the  end  of  a 
structural  member  (a.g»,  at  tha  nose  of  the  fuselage)  where  the  current  is  aero. 
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Conversely,  tinea  tha  alactric  fiald  la  maximum  at  tha  andt  of  a  conductor,  E-fiald 
•anaort  ara  most  strongly  affactad  at  tha  extremities. 


SATELLITE  HOCK-UP  EXPERIMENTS 


Although  tha  time  waveforms  in  Figure  S  indicate  that  aubotantial  ringing  can 
occur  whan  a  body  ia  excited  by  a  tranaiant  impulse,  it  must  ba  recognised  that  tha 
data  in  tha  figure  ara  valid  for  a  slander  cylinder.  In  general,  electromagnetic 
theory  indicates  that,  for  fatter  bodies')'-1 tha  ringing  dlaa  out  much  more  rapidly 
(l.a.,  fat  bodies  have  a  lower  Q).  Thus,  it  was  posslbla  that  tha  signals  excited 
on  a  satellite  by  a  transient  discharge  might  ba  much  lass  complicated  than  one 
would  infer  from  figure  3.  To  investigate  tha  electromagnetic  properties  of  a  body 
resembling  a  satellite,  and  to  gain  insight  into  tha  feasibility  of  discharge  source 
characterisation,  the  laboratory  NsatallitaH  mock-up  shown  in  figures  6  and  7  was 
assembled «  Figure  6  ahows  the  general  slse  and  form  of  the  mock-up,  which  is  simply 
a  hollow  uncapped  cylinder  made  of  sheet  aluminum.  It  is  approximately  1.8  a  in 
diameter  and  1.2  i  high  and  stands  upright  on  a  0.75-m  high  non-conductlve,  large- 
area  wooden  table.  For  the  initial  tests,  two  small  electric-dipole  sensors 
(equipped  with  high  input  Impedance  preamplifiers  so  that  they  respond  directly  to 
the  local  E  field  as  was  discussed  earlier)  were  mounted  180°  apart  on  the  outside 
curved  surface  along  the  circumferential  center  line  of  the  cylinder.  The  sensor 
cables  were  routed  to  the  inside  of  the  cylinder  through  small  holes  naur  the 
sensors.  The  signals  from  the  two  sensors  were  recorded  simultaneously  using  a  400- 
MHs  bandwidth  dual-been  oscilloscope  which  was  mounted  inside  the  conductive 
cylinder  where  it  was  well  shielded  from  external  fields. 

Transient  electromagnetic  fields  were  generated  on  the  exterior  of  the  mock-up 
using  a  dc  spark-gap  formed  by  positioning  a  10-cm-d lame ter  hollow  copper  sphere  on 
an  insulating  support  at  e  distance  of  approximately  3  mm  from  the  outer  cylinder 
surface  at  selected  slmuated  ere  locations.  To  prevent  measurement  errors  resulting 
from  transients  radiated  from,  or  field  perturbations  caused  by  the  presence  of  the 
high-voltage  cables,  the  copper  sphere  was  connected  to  a  20-kV  power  supply  located 
4  o  away,  using  special  "electromagnetically-transparent,”  high-resistance  wire  as 
shown  in  figure  7.  The  required  dc  return  path  between  tha  cylinder  and  the  high- 
voltage  supply  was  provided  in  this  same  way.  Thus,  elactromagnetlcelly,  at  RF  the 
spark  source  appeared  to  ba  e  completely  isolated  sphere  charged  to  a  high 
voltage.  Tha  spark  source  produces  a  unidirectional  current  pulse  with  an  amplitude 
ot  roughly  400  A,  end  total  duration  of  the  order  of  2  ns.  It  should  be  noted  from 
figure  6  that  the  mock-up  experiments  were  conducted  in  the  middle  of  a  laboratory 
arse  with  no  effort  to  shield  the  setup  from  ambient  noise. 

Some  of  the  results  of  the  satellite  mock-up  experiments  ere  shown  in  fig¬ 
ure  8.  For  the  experiments  illustrated,  the  spark  source  was  moved  to  various 
positions  along  the  equator  of  the  "satellite"  and  the  signals  Induced  in  the  two 
sensors  were  recorded.  When  the  spark  source  is  near  sensor  #1  (ss  in  fig.  8a), 
substantial  signal  is  induced  in  this  sensor,  and  a  baraly  perceptible  response  is 
Induced  in  eensor  #2. 

It  should  be  noted  that  the  initial  pulse  in  sensor  #1  is  clearly  defined,  and 
that  it  is  uncontaminated  by  the  reflected  pulses  arriving  late  In  time.  This 
behavior  is  vastly  different  from  the  pronounced  ringing  illustrated  in  figure  3, 
when  a  slender  cylinder  is  excited  by  e  transient.  Thus,  the  laboratory  experiments 
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indicat*  that  satallit*  electromagnetic  characteristics  ar*  such  that  flight  experi¬ 
ments  intcndad  to  charactarli*  diacharga  noiaa  aourca  charactariatica  in  orbit 
ahould  not  b*  unduly  plaguad  by  aatalllt*  and  aanaor  reaponaaa,  provided  tha  ayatam 
ia  proparly  daaignad  and  configurad. 

In  flgura  8b,  th*  a park  noiaa  aource  was  positioned  roughly  equidistant  from 
the  two  sensors,  and  signals  of  roughly  equal  amplitude  are  induced  in  the  two 
systems.  Again,  it  should  be  noted  that  the  direct  signal  from  tha  aource  is 
clearly  defined,  and  not  contaainatad  by  ringing  and  raf lections  from 
diacontlnuitias  on  th*  satallit*. 

In  the  course  of  thaaa  preliminary  experiments,  tha  satellite  configuration  was 
changed  to  include  a  boom,  and  tha  sensors  and  noise  source  were  moved  to  a  number 
of  different  positions.  The  resulting  responses  differed  from  those  presented  here, 
but  were  all  explainable  by  electromagnetic  considerations. 


CONCLUSIONS 


By  applying  proper  electromagnetic  principles  to  sensor  design,  it  is  possible 
to  develop  systems  capable  of  responding  to  fast  transients  of  the  sort  expected 
from  spacecraft  charging.  The  form  many  of  practical  satellites  ia  such  that  they 
will  not  unduly  contaminate  the  signals  radiated  by  spark  discharges.  Accordingly, 
it  should  be  possible  to  design  flight  systems  for  th*  study  of  spacecraft  discharge 
characteristics,  finally,  a  simple  satellite  mock-up  such  as  that  used  in  tha 
present  experiments  is  easy  to  assemble,  inexpensive,  and  adequate  to  provide  impor¬ 
tant  guidance  during  system  design  and  for  data  interpretation. 
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Figure  1.  -  Approaches  to  transient  field  sensor  design. 
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Figure  3.  -  Equivalent  circuits  of  small  magnetic  dipole. 


Flaure  4.  -  Field,  current  density,  and  short  circuit  current  relations  for 
loop  and  slot  antennas. 
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Figure  5.  -  Normalized  *x1a1  currant  *t  ^  positions  along  a  cylinder  for  a 
unit-step  incident  pulse  (u  ■  z/L,  t  ■  ct/L,  L  ■  zn). 
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Figure  6.  -  Satellite  mock-up* 
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DEVELOPMENT  OF  A  CONTINUOUS  BROAO-ENERGY-SPECTRUH  ELECTRON  SOURCE* 


R.  C.  Adamo  and  J.  E.  Nanevlcz 
SRI  International 
Nenlo  Park,  California  94025 


The  primary  accomplishment  of  the  laboratory  research  program  described  herein 
has  been  the  development  of  a  practical  prototype,  large-area,  continuous-spectrum, 
multienergy  electron  source  to  simulate  the  lower  energy  (**1  to  30  keV)  portion  of 
the  geosynchronous  orbit  electron  environment.  The  results  of  future  materials- 
charging  tests  using  this  multienergy  source  should  significantly  Improve  our  under¬ 
standing  of  actual  in-orbit  charging  processes  and  should  help  to  resolve  some  of 
the  descrepancies  between  predicted  and  observed  spacecraft  materials  performance. 


BACKGROUND 


Complex  interactions  between  a  spacecraft  and  the  surrounding  space  environment 
can  cause  the  deposition  and  redistribution  of  significant  amounts  of  electrical 
charge  on  the  exterior  of  conducting  and  insulating  surfaces  and  within  exposed 
dielectric  materials  (ref.  1). 

This  naturally  occurring  phenomenon,  known  as  spacecraft  charging,  can  ad¬ 
versely  affect  normal  system  performance  in  a  number  of  ways.  For  example,  the 
resulting  local  external  static  fields  can  Interfere  with  the  operation  of  electrlc- 
field-sensitive  instruments  and  cause  the  reattraction  and  deposition  of  contami¬ 
nants  on  critical  thermal  control,  solar  array,  and  other  optical  surfaces.  More 
serious  effects  can  occur  if  the  electric  fields  between  adjacent  surfaces  or  within 
dielectric  materials  become  large  enough  to  produce  electrical  breakdowns  (ref.  2). 
The  electric  currents  produced  by  these  rapid  changes  in  charge  distribution  can 
cause  local  physical  damage  to  external  thermo-optical  surfaces  and  radiate 
electromagnetic  signals  of  sufficient  amplitude  to  upset  or  possibly  damage  onboard 
electronic  systems. 

Over  the  past  decade,  a  substantial  effort  has  been  made  to  increase  the  avail¬ 
able  knowledge  relating  to  the  causes  and  effects  of  spacecraft  charging,  and  the 
results  of  numerous  theoretical  studies,  laboratory  tests,  computer  simulations,  and 
limited  in-orbit  measurements  have  been  published.  Unfortunately,  the  combination 
of  interactions  between  actual  operational  spacecraft  and  the  real  space  environment 
is  too  complex  to  predict  accurately  or  explain  many  observed  or  suspected  in-orbit 
spacecraft  responses,  with  confidence,  using  presently  available  techniques. 


The  work  described  here  was  sponsored  by  the  Defense  Nuclear  Agency 
under  RDT&E  RMSS  Code  B3230  81466  G37LAXYX  00020  H2590D,  Contract 
NA001-81-C-0267 . 
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PRECEDING:  PAGE  BtANK  NOT  iflEMED 


To  date,  laboratory  simulation*  of  tha  charging  and  electrical-breakdown  char¬ 
acteristics  of  typical  apacacraft  material*  have  baan  performed,  by  moat  agenclee, 
using  convent lonal  aonoanargatic,  thermionic  (hot-fi lament)  electron  sourcaa  to 
almulate  tha  lower-energy  (less  than  40  k#V),  gaoaynchronoua-orblt  electron  environ¬ 
ment* 

Although  thermionic  aourcaa  are  ideal  for  many  application*,  in  general  they 
exhibit  aavaral  practical  disadvantages  for  apacacraft  charging  studies,  including: 

*  Cathode  contamination— Moat  thermionic  cathode  are  readily  contaminated  by 
outgaeeing  producta  from  raallatlc  apacacraft  material.  teat  aamplea. 

•  Poor  beam  uniformity— Achieving  a  large  diameter  beam  with  uniform  current 
denalty  la  difficult* 

f  Limited  beam  diameter  at  doaa  range— Expanding  the  beam  from  moat  thermi¬ 
onic  aourcaa  to  cover  a  large  area  aample  at  cloee  range  la  alao  difficult. 

e  Interdependent  beam  characteristic*— in  particular,  in  a  almple  system, 
changing  tha  beam  current  denalty  or  profile  raqulrea  a  complex  electro¬ 
static  lena  ayatem  and  a  readjustment  of  lens  and  grid  voltages* 

a  filament  illumination — In  aoma  experiments,  undesirable  optical  radiation  from 
the  heated  cathode  can  alter  the  responses  of  the  teat-aanple  materials. 

Several  years  ago.  SRI  International  daveloped  an  alternative  type  of  electron 
source,  based  on  the  multlpactor  phenomenon,  for  use  in  spacecraft  charging  studies 
(ref.  3.4).  Although  this  basic  source,  shown  schematically  in  figure  1.  alao 
produces  a  monoenerglc  electron  beam,  it  eliminated  many  of  the  disadvantages  of 
conventional  thermionic  systems. 

Many  Independent  studies  of  the  charging  and  discharging  properties  of  space¬ 
craft  materials  have  been  performed  using  monoenargetlc  electron  sources.  Although 
the  results  of  these  Independent  laboratory  lusts  have  agreed  reasonably  well,  a 
number  of  discrepancies  appeared  between  the  test  results  and  actual  in-orbit  obser¬ 
vations  of  electrical  charging  and  discharge  occurrences  on  operational  spacecraft* 
for  example,  8ftl  International  discharge  detection  instrumentation  on  a  DSP  satel¬ 
lite  end  on  the  P78-2  (SCATHA)  satellite  (along  with  a  full  complement  of  othar 
spacecraft-charging  instruments),  ha*  indicated  that  electrical  discharges  (and,  in 
some  cases,  resulting  spacecraft  anomalies)  occur  at  times  when  they  would  not  be 
expected  according  to  the-  results  of  laboratory  t  sets.  This  is  not  altogether 
surprising,  however,  since  the  theory  of  dielect  1c  charging  predicts  that  the  exact 
profiles  of  the  Internal  charge  distributions  and,  therefore,  the  magnitudes  of  the 
internal  electric  fields  are  determined  by  the  details  of  the  incident  electron 
energy  distribution  (ref.  5).  ^ 

Material  charging  tests  performed  using  two  separate  aonoenergetic  electron 
guns  at  different  anergles  have  confirmed  that,  with  just  two  discrete  energise,  the 
test  results  differ  significantly  from  those  obtained  using  a  single-energy  source 
(ref.  6,7). 

The  primary  objective  of  the  laboratory  research  program  discussed  herein  has 
been  to  develop  a  practical  prototype,  continuous-spectrum,  multienergy  electron 
source  to  slmulete  more  precisely  a  significant  portion  of  the  lower-energy  in-orbit 
electron  environment*  The  results  of  this  work  are  described  below. 


BASIC  MULTI ENERGY  ELECTRON  SOURCE  CONCEPT 


If  a  bean  of  electrons  having  an  energy  of  a  fair  tana  of  kaV  atrlkaa  a  thick 
metal  tar gat,  a  portion  of  tha  beam  (“10-20X)  will  ba  backscattered.  Tha  remaining 
alactrona  will  panatrata  to  various  dlatancas  within  the  materia.1.  before  being 
stopped.  If  instead,  tha  target  la  a  sufficiently  thin  foil,  some  of  the  electrons 
will  pass  completely  through  the  foil  and  eaerge  with  reduced  energies.  This  pheno¬ 
menon  has  been  used  to  modify  the  monoenergetic  multipactor  electron  gun  to  produce 
a  continuous  aultlenergy  beam. 

Many  theoretical  and  experimental  studies  have  been  made  of  the  transmission  of 
electrons  through  thin  matal  films  (e.g.,  raf.  8-14).  Figure  2  shows  typical  energy 
distributions  of  electrons  transmitted  through  various  thicknesses  of  aluminum  and 
gold  films  with  an  incident  electron  bean  energy  of  approximately  20  keV.  For  the 
illustrated  range  of  film  thicknesses,  each  of  tha  transmitted  electrons  is  likely  to 
have  lost  sons  of  its  energy  within  tha  film  through  numerous  scattering  avents.  Aa 
expected,  for  a  given  material,  tha  total  energy  loss  per  electron,  as  well  as  the 
percentage  of  incident  electrons  totally  lost  within  the  film,  increases  in  thicker 
films  as  a  result  of  a  statistically  greater  number  of  scattering  events. 

Results  similar  to  those  in  Figure  2  were  obtained  in  a  aeries  of  tests  at 
SRI.  In  these  teats,  small  samples  of  0.75-,  1-  and  2-\m  thick  aluminum  films  wore 
mounted  across  a  50-um-diametsr  aperture  In  a  large  aluminum  plate  which  replaced 
the  outer  accelerating  grid  of  tha  monoenergetic  multipactor  source.  A  simple 
standard  type  of  retarding  potential  analyser  consisting  of  three  wire-mesh  grids 
within  a  cylindrical  Faraday  cup  was  used  to  measure  the  electron  energy  spectra. 

Figure  3  shows  a  few  examples  of  "typical**  electron  energy  distributions 
measured  under  various  conditions  in  geosynchronous  orbit  (ref.  15).  The  top  curve 
in  this  figure  is  the  expected  maximum.  In  these  examples,  the  in-orbit  electron 
current  density  decreases  monotonlcelly  and  quite  rapidly  with  increasing  energy. 

In  contrast,  the  electron  currents  of  Figure  2,  produced  by  scattering  through  foils 
of  uniform  thickness,  increase  to  a  maximum  at  an  energy  somewhat  below  the  incident 
beam  energy  (E0)  and  then  decrease  more  rapidly  to  an  lmmeasureably  low  level  at  or 
below  E0. 

Fortunately,  this  dlfforence  in  spectral  form  can  be  overcome,  to  a  large 
extent,  by  using  a  specially  prepared  composite  foil  as  illustrated  in  Figure  4. 

The  first  composite  foils  of  this  type  were  prepared  in  steps  by  vapor  deposition  of 
gold  through  appropriate  meaks  onto  commercially  available  aluminum  film  substrates. 

The  foil  illustrated  in  Figure  4,  though  not  drawn  to  scale,  combined  with  the 
spectra  in  Figure  2,  can  be  used  to  explain  qualitatively  the  basic  composite-foil 
concept  aa  follows.  The  portion  of  a  20-keV  incident  beam  that  passes  through  the 
substrate  alone  will  emerge  with  en  energy  distribution  as  shown  in  the  0.74- 
v«  spectrum  in  Figure  2a.  The  portion  Shat  passes  through  only  one  gold  layer  will 
enter  the  substrate  with  approximately  the  0.28-iai  spectrum  in  Figure  2b  and  will 
emerge  with  its  electron  energies  further  reduced,  thus  "filling-in"  a  lower  energy 
range  in  the  total  composite  spectrum.  Electrons  passing  through  both  gold  layers 
aa  wall  as  the  substrate  will  obviously  eaerge  with  even  lower  energies. 

It  la,  in  this  way,  possible  to  "tailor"  the  overall  character  of  the  output 
energy  spectrum  through  an  appropriate  choice  of  patterns  and  thicknesses  of  addi¬ 
tional  aatal  layers  on  the  composite  foil.  Since  the  transmitted  current  density  is 
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significantly  lover  through  tha  thicker  metal  layers,  tha  production  of  a  ralativaly 
flat  or  aonotonlcally  decreasing  output  anargy  spectrum  requires  that  the  thicker 
aatalisad  layers  cover  a  larger  relative  percentage  of  the  total  foil  area. 

A  major  advantage  of  the  aultlenorgy  bean  production  technique  described  above 
is  that  the  composite  foil  is  a  totally  passive  device,  and  therefore,  no  major 
modifications  of  the  monoenergetlc  electron  source,  other  than  mounting  the  foil 
accross  the  exit  aperture,  are  required  for  multienergy  operation.  In  addition,  the 
energy  spectrum  of  the  source  can  be  readily  changed  by  physically  interchanging 
foils,  and,  within  a  certain  range,  the  energy  of  the  overall  spectrum  can  be 
shifted  up  or  down  by  changing  the  energy  of  the  incident  beam.  The  source  can  also 
easily  be  converted  for  single-energy  operation  simply  by  replacing  the  composite 
foil  assembly  with  a  standard  wlre-nesh  accelerating  grid. 

The  successful  results  obtained  in  initial,  small-scale  tests  of  the  composite 
foil  concept  formed  a  promising  basis  for  tha  development,  on  this  program,  of  a 
more  practical,  larger-baam-area,  multienergy  electron  gun  system.  To  accomplish 
this  effort,  however,  it  was  necessary  to  devise  new  techniques  for  fabricating  and 
mounting  the  composite  foils. 

Tor  example,  to  produce  a  broad  output  energy  spectrum,  a  significant  fraction 
of  the  input  beam  energy  must  be  absorbed  by  the  foil.  Since  metal  films  are  rela¬ 
tively  poor  thermal  radiators,  tha  resulting  heat  is  removed  mainly  by  conduction  to 
the  mounting  plate  at  the  foil  edges. 

In  initial  tests  with  a  20-keV  incident  beam  energy,  composite  foils  mounted 
across  a  SO-am-dlaneter  aperture  performed  satisfactorily  with  output  current  den¬ 
sities  of  10  nA/cm2  but  were  readily  damaged  by  excessive  heating  with  current 
daneltlas  2  to  3  times  higher.  This  problem  was  subsequently  solved  by  mounting  the 
composite  foils  between  pairs  of  0<06-ln. -thick  perforated  aluminum  plates  that  act 
as  heat-sinks  for  the  absorbed  power.  The  holes  in  these  plates  are  small  enough 
(0.19-in. -diameter)  to  allow  sufficient  heat  conduction  from  the  unsupported  foil 
areas,  and  numerous  enough  (0.25  in.  between  centers)  to  provide  a  53%  exposed  foil 
area  whan  properly  aligned.  With  this  mounting  arrangement,  it  became  possible  to 
increase  the  overall  transmitted  current  density  by  at  least  a  factor  of  five,  with 
nO  detectable  foil  damage.  In  addition,  tha  protection  and  support  provided  by 
these  mounting  plates  makes  handling  and  installation  of  the  foils  considerably 
easier. 

It  was  originally  planned  that  larger  area  aluminum  foils  of  this  same  thick¬ 
ness  (0.75  nO  would  be  used  as  the  basic  composite  foil  substrata.  However,  upon 
careful  examination,  each  of  the  available  unused  50-  and  75-am-square  foils  was 
found  to  contain  a  number  of  small  pinholes.  Subsequent  discussions  with  the  manu¬ 
facturer  of  these  foils,  and  with  another  foil  supplier,  indicated  that  it  is  not 
practical  to  produce  such  "larga-area"  foils  of  this  thickness  that  era  pinhole- 
free.  These  pinholes,  if  not  covered  by  the  mounting  plates,  would  allow  some 
uncontrollable,  small  portion  of  the  incident  beam  to  pass  through  tha  foil  with 
little  or  no  reduction  in  current  density  or  energy  * 

As  a  result  of  this  discovery,  the  electron  transmission  properties  of  several 
alternative  thin- film  materials,  known  to  be  available  in  larger-area  sheets,  were 
measured  in  an  attempt  to  Identify  a  more  suitable  pinhole-free  substrate  material. 
These  measurements  were  made  using  a  scanning  electron  microscope  (SKM)  with  incident 
beam  energies  ranging  from  20  to  40  keV.  With  this  instrument  it  was  possible  both 
to  measure  total  electron  transmission  ratios  and  to  examine  tha  material  samples 


for  pinholes.  It  vac  quickly  determined  that  the  available  pure  aetal  folia  that 
vara  thick  enough  to  be  pinhole-free  ve re  too  thick  to  tranaait  the  required  elec¬ 
tron  current*.  However,  the  aataflels  teated  alao  Included  aeveral  thlckneaaea  of 
Kapton,  Teflon,  and  Mylar  fllae  vlth  thin  alualnua,  gold,  or  allver  coating*  on  one  or 
both  aide*.  Several  of  theae  eat trials,  noraally  manufactured  for  uae  aa  theraal- 
control  aurfacea  on  spacecraft,  were  found  to  trananit  a  reasonable  frection  of  the 
incident  been  current.  In  addition,  these  materials  are  available  In  large  sheeta 
and  are  considerably  leas  expensive  and  easier  to  handle  than  the  previously  em¬ 
ployed  thin  aatal  foils. 

Tha  tranaalaaion  aaaaureaants  obtained  vlth  polyaer  aaaples  having  aetalli- 
satlon  on  one  side  only  vara  not  as  repeatable  as  those  obtained  with  siailar 
aaaples  aetalllsed  on  both  aides.  This  affect  la  nost  probably  due  to  variations  In 
the  Internal  and  external  electric  fields  produced  by  tha  buildup  of  charge  on  and 
vlthln  tha  exposed  dielectric  surface.  Further  teats  vara  therefore  confined  to 
polyaer  fllas  vlth  both  sides  astalllaed,  sines  both  of  the  outer  aetel  layers  can 
then  be  electrically  grounded  to  aliainata  external  alactric  fialda.  It  la  also 
likely  that  the  additional  theraally  conductive  path  provided  by  the  second  metal¬ 
lised  surface  increases  tha  foil's  pover-handling  ability. 

Of  tha  aatarlala  tasted,  Teflon  vaa  found  to  be  the  aoat  susceptible  to  theraal 
daaage.  Mylar  films  performed  soaavhat  batter,  vlth  tranaalaaion  afficianclaa  of  up 
to  70*  in  a  30-kaV  Incident  beam,  but  auf farad  Increasing  thermal  degradation  during 
relatively  short  periods  of  operation  vlth  input  currant  densities  of  a  fev  pA/ca2 

The  candidate  substrate  aatarlala  alao  Included  7. 5-pa-  thick  aluminum-coated 
and  12. 7-pa-  thick  gold-coated  Kapton  folia.  The  aetal  layer  on  each  aids  of  these 
foils  vas  approximately  100  na  thick  In  a  31-kaV  bean,  thaaa  aatarlala  transmitted 
30*  and  2SZ,  respectively,  of  the  20-pA/ca2  incident  beta  current  vlth  no  noticeable 
damage . 

Doubly  alualnliad  7.5-pa  Kapton  film  vaa  selected  es  the  aoet  appropriate 
coapoelta-foll  substrata  aaterial  for  the  final  taste  on  this  program,  due  both  to 
Its  higher  electron  tranaalaaion  efficiency  and  because  it  Is  less  expensive  and 
more  readily  available  than  gold-coated  Kapton  flla. 

Tha  final  coaposite-foll  configuration  developed  on  thle  prograa  la  Illustrated 
In  Figure  5.  This  figure  (not  drawn  to  scale)  shows  tha  pair  of  polished  alualnua 
mounting  plates  that  serve  as  a  heat  sink  for  tha  beam  power  absorbed  by  tha  foil. 

The  actual  aatalllaatlon  pattern,  which  differs  froa  the  pattern  In  Figure  5, 
vaa  formed  by  depositing  palra  of  alaost  coaplataly  overlapping  10-aa-wide,  0.2- pa  - 
thick  silver  stripes  on  a  12-ca-aquara  alualnised  Kapton  substrata,  vlth  approxi¬ 
mately  1-mm  gaps  between  each  pair  of  overlapping  stripes.  This  pattern  results 
In  0.4-|ja  and  0.2-pa  silver  layers  covering  approximately  75*  and  17Z,  respectively, 
of  the  total  foil  area,  thus  leaving  approxlaataly  8*  of  tha  aluainissd  substrata 
exposed. 

Tha  asaaured  electron  energy  apactrua  produced  by  this  particular  composite 
foil  la  ehovn  in  Figure  6.  A  "typical"  electron  energy  apactrua  aeaiured  during  a 
geomagnetic  subs torn  by  tha  ATS-5  spacecraft  in  synchronous  orbit  (raf.  16)  la  also 
shown  In  thia  figure,  for  comparison.  Sines,  with  an  Incident  electron  beam  energy 
of  33  kaV,  tha  overall  tranaalaaion  efficiency  of  thia  coapoaita  foil  is  approxl¬ 
aataly  4X,  an  Input  currant  density  of  250  nA/ca2  la  required  to  produce  a  total 
output  currant  density  of  10  nA/ca2. 
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The  largest  substrate  foil  size  that  could  be  conveniently  processed  In  the 
vapor  deposition  system  available  for  use  on  this  program  was  a  12-cm  square*  As  a 
result,  the  maximum  exit  diameter  of  the  aultienergy  bean  was  limited  to  approxi¬ 
mately  10  cm.  The  aluminized  Kapton  film  uced  as  the  substrate,  however,  is  rou¬ 
tinely  manufactured  in  100-ft  rolls,  with  widths  of  up-to-3  ft.  For  most  practical 
applications,  the  multienergy  beam  diameter  Is  therefore  limited  mainly  by  the  size 
and  total  current  capacity  of  the  input  current  source 

(35-cm  diameter  In  the  presene  system)  and  by  the  maximum  usable  dimensions  of  the 
metal  deposition  system  used  to  fabricate  the  composite  foil. 


CONCLUSION 


The  simulation  of  the  medium  energy  («1  to  40  keV)  portion  of  the  geosynchro¬ 
nous  orbit  electron  environment  for  material  and  spacecraft  testing  requires  a 
relatively  large-area,  uniform  electron  beam  with  a  total  current  density,  at  the 
test  object,  of  10  cA/ca2  or  less  and,  if  possible,  a  realistic  distribution  of 
electron  energies.  This  program  has  resulted  in  the  design  and  construction  of  an 
electron  source  that  meets  these  requirements. 

When  operated  in  a  monoenergetlc  mods,  this  source  produces  exit  current  densi¬ 
ties  of  up  to  20  uA/crn2  at  beam  energies  up  to  40  keV.  A  control  grid  permits 
adjustment  of  the  beam  current  density  over  a  range  from  20  pA/ cm2  to  less 
than  0.1  nA/cm2  . 

In  comparison  with  other  types  of  electron  sources  used  for  spacecraft  charging 
studies,  the  multlpactor  source  Is  physically  simple  and  easy  to  fabricate,  produces 
minimal  external  electric  fields,  and  la  less  susceptible  to  cathode  contamination. 

In  addition,  the  basic  monoenergetlc  multlpactor  source  produces  a  large-area 
electron  beam  directly,  without  complex  electrostatic  lenses,  so  that  the  beam 
characteristics  are  relatively  Independent  of  accelerating  voltage. 

The  major  achievement  of  this  program  is  the  further  development  of  the  compos¬ 
ite  scattering  foil  technique  for  converting  a  monoenergetlc  electron  beam  to  one 
containing  a  continuous,  broad  range  of  electron  energies. 

The  electron  energy  spectrum  in  Figure  6  is  Just  one  example  of  a  wide  range  of 
spectra  that  could  be  obtalued  using  other  foil  configurations.  The  illustrated 
spectrum  was  produced  with  an  incident  33-keV  monoenergetlc.  beam.  For  a  given  foil, 
the  overall  output  energy  range  can,  to  some  extent,  be  shifted  up  or  down  by  chang¬ 
ing  the  input  beam  energy. 

The  total  output  beam  current  density  (i.e.,  integrated  over  the  entire  energy 
spectrum)  Is  determined  by  the  foil  characteristics  and  by  the  energy  and  current 
denalty  of  the  Input  beam.  Since  a  larga  percentage  of  the  Incident  beam  power  la 
absorbed  by  the  foil,  the  naxlmua  practical  output  current  density  is  limited  by  the 
ability  of  the  foil  and  its  mounting  to  dissipate  heat.  With  the  present  foil¬ 
mounting  configuration,  continuous  operation  for  several  hours  with  an  output  cur¬ 
rent  density  of  40  nA/cm2  produced  no  noticeable  foil  damage. 

The  basic  monoenergetlc  multlpactor  source  la  Ideally  suited  for  conversion  to 
multienergy  operation,  since  the  composite-foil  assembly  can  be  mounted  directly 
acroee  the  large-area  exit  aperture,  thus  forming  e  single  compact  unit.  In  prin- 
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ciple,  however,  the  composite-foil  technique  could  be  used  with  a  conventional 
thermionic  electron  source  by  mounting  the  foil  assembly  at  an  appropriate  distance 
from  the  source  in  the  diverging  monoenergetlc  bean. 


SUGGESTED  APPLICATIONS  AND  FURTHER  DEVELOPMENT 


The  basic  monoenergetic  multlpactor  electron  source  can  be  used  In  place  of  a 
conventional  theralonic  source  in  single-energy,  oaterial-cherging  studies  and  in 
support  of  simplified  analytical  and  modeling  efforts.  The  large-area,  collimated 
electron  beam  produced  at  the  exit  aperture  makes  it  possible  to  Irradiate  rela¬ 
tively  large  targets  at  short  range  in  a  small  vacuum  chamber  test  facility. 

Although  the  present  source  produces  a  beam  of  circular  cross-section  for 
special  applications,  it  is  possible  to  change  the  shape  of  the  output  beam  by 
placing  a  mask  over  the  exit  aperture  or  by  fabricating  a  similar  system  with  a 
noncylindrlcal  geometry.  Because  of  the  overall  mechanical  and  electrical  simpli¬ 
city  of  the  multlpactor  electron  source  concept,  many  design  configurations  are 
possible  and  can  be  fabricated  using  readily  available,  basic  shop  materials. 

Earlier  experiments  at  SRI  indicate  that,  with  some  simple  modifications,  it 
should  be  possible  to  convert  the  basic  multlpactor  system  from  an  electron  source 
to  an  ion  source.  In  these  experiments,  nitrogen  gas  was  injected  at  a  low  rate 
Into  the  multlpactor  region  between  the  cathode  plates.  The  gas  was  thereby  ionized 
by  multiple  collisions  with  the  oscillating  electron  cloud,  and  the  resulting  posi¬ 
tive  ions  were  extracted  by  reversing  the  polarity  of  the  high-voltage  accelerating 
power  supply.  Although  few  quantitative  measurements  were  made  in  these  early 
tests,  it  appears  that,  with  soma  further  development,  the  basic  multlpactor  system 
could  serve  as  a  practical  source  of  both  ions  and  electrons.  In  addition  to  its 
usefulness  in  spacecraft  charging  studies,  the  multlpactor  electron  or  ion  source 
may  have  applications  in  a  variety  of  material-processing  applications. 

The  development  of  the  continuous  multlenergy  electron  beam  generation  tech¬ 
nique  is  a  major  advance  in  our  ability  to  simulate  more  realistically  the  lower- 
energy,  in-orbit  electron  environment.  The  results  of  future  materials-charglng 
tests  using  this  multlenergy  source  should  significantly  Improve  our  understanding 
of  actual  in-orbit  charging  processes  and  should  resolve  some  of  the  discrepancies 
between  predicted  and  observed  spacecraft  materials  performance. 
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Figure  2.  -  Energy  distributions  of  electrons  transmitted  through  thin  metal 
films. 
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Figure  3.  -  Typical  geosynchronous  electron  current  densities. 
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Figure  6.  -  In-orbit  and  simulated  electron  spectra. 
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AUTOMATIC  CHANGE  CONTNOL  SYSTEM  FON  SATELLITES 


B.  M.  Stamm  and  H.  A.  Cohen 
Air  Fore*  Geophysics  Laboratory 
Hanscoas  Air  Fore*  Base.  Massachusetts  01731 


SCATHA  as  well  as  Che  ATS- 5  and  -6  spacecraft  have  provided  soma  answers  and 
Insights  to  the  problem  of  spacecraft  charging  at  geosynchronous  altitudes*  In 
particular  they  hava  Indicated  the  approach  to  reducing  the  levels  of  both  absolute 
and  differential  charging  —  namely,  by  the  amission  of  low  energy  neutral  plasma. 
Tt  is  now  appropriate  to  complete  the  transition  from  experimental  results  to  the 
development  of  a  system  that  will  sense  the  sta.t a-o f-charge  of  a  spacecraft,  and, 
whan  a  predetermined  threshold  ie  reached,  will  respond  automatically  to  reduce 
It.  The  Air  Force  ie  embarking  on  such  a  development  program,  utilising  seniors 
comparable  to  the  proton  electrostatic  analyser,  the  surface  potential  monitor, 
and  the  transient  pulse  monitor  that  flaw  In  8CA1HA,  and  combining  theaa  outputs 
through  a  microprocessor  controller  to  operate  a  rapid-start,  low  anergy  plasma 
source.  A  flight-ready  system  should  be  available  for  spacecraft  Integration  by 
1988. 


INTRODUCTION 


This  paper  Is  by  way  of  announcing  the  Air  Force's  intent  to  carry  out  the 
technology  transition  from  SCATHA  to  the  next  logical  phase  —  namely,  the  devel- 
or  »ant  of  an  automatic  charge  control  system  for  spacecraft.  The  problem  of 
spacecraft  charging  as  a  potential  hazard  for  Air  Force  satellites  operating  in 
deep  apace  has  been  recognized  now  for  Juat  over  a  decada.  The  buildup  of  space¬ 
craft  charge  end  Its  subsequent  discharge,  particularly  at  geosynchronous  orbit, 
can  limit  the  performance  and  operational  lifetime  of  satellites*  The  arcs  gen¬ 
erated  In  this  fashion  can  couple  into  the  command  and  data  Unas  of  the  spacecraft 
causing  spurious  signals,  triggering  erratic  commands,  end  destroying  solid-state 
electr  lee.  The  SCATHA  satellite,  which  was  dedicated  solely  to  this  problem, 
was  launched  to  near  geosynchronous  orbit  with  a  full  range  of  sensors  (rtf.  1)  to 
dotermtne  the  spacecraft  state-oFcharge  as  well  as  the  background  conditions  in 
space  whan  the  charging  occurred.  Also  on  board  were  the  AFGL  active  experiments, 
the  electron  gun  and  the  SPI8S  positive  ion  gun,  which  could  be  used  to  swing  the 
potential  of  the  satellite  either  positive  or  negative  on  commend.  One  of  the 
alternate  operating  nodes  of  the  SPIBS  ion  gun  was  as  a  neutral  plasma  source,  and 
that  proved  to  be  the  safest  and  most  effective  method  of  reducing  both  absolute 
and  differential  charging  on  the  satellite  (ref.  2).  These  SCATHA  results,  as  well 
as  those  from  the  NASA  ATS-6  satellite  using  t  cesium  plasma  bridge  neutralizer 
(ref .3),  have  shown  that  a  charged  spacecraft,  and  tha  dielectric  surfaces  on 
it,  could  he  safely  diacharged  by  emitting  e  very  low  energy  (<  50  eV)  neutral 
plasma  —  In  effect  "shocting"  the  spacecraft  to  the  ambient  plasma  before  dangerous 
charging  levels  could  be  reached.  This  technique  forms  the  basis  for  our  Flight 
Model  Discharge  System  (FMDS),  which  is  to  be  an  active  charge  control  system 
for  satellites  that  will  operate  automatically  In  space. 
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SYSTEM  DESCE IPTION 

Much  of  the  development  of  the  PKD8,  particularly  with  regard  to  the  state** 
of* charge  acnaora,  follows  directly  from  the  SCATRA  technology*  A  block  diagram 
of  the  system  la  shown  in  figure  1*  The  heart  of  the  ayatem  is  the  low  energy 
plasma  aource.  The  major  change  fro*  ita  SCATHA  predeceaaor  la  that  it  mi  at  be 
capable  of  a  simple  and  rapid  start-up  —  responding  within  ten  seconds*  The 
mlcroproceasor  controller  will  be  the  "brains"  of  the  system.  Interpreting  the 
three  different  charging  sensor  outputs,  and  "deciding"  when  to  turn  on  the  plasma 
source*  The  electrostatic  analyser  (ESA)  will  detect  Incoming  protons  in  different 
energy  channels  to  provide  a  measure  of  the  absolute  charging  of.  the  spacecraft. 
Since  a  negatively  charged  satellite  will  accelerate  ambient  protons  up  to  its 
potential,  the  lowest  energy  channel  at  which  siseable  fluxes  of  protons  are 
detected  would  correspond  to  the  absolute  charging  level  of  the  spacecraft 
(l.e.  relative  to  the  ambient  plasma  In  Space).  The  surface  potential  monitor 
will  measure  the  differential  spacecraft  charging  (l.e.  the  potential  developed 
on  insulating  surfaces  reletlvs  to  spacecraft  frame  ground).  Essentially,  the 
back  surface  voltage  of  a  dielectric  sample  (l.e.  leap ton,  teflon,  etc.)  is  measured 
with  an  electric  field  sensor,  and  that  in  turn  is  translated  into  a  front  surface 
potential  by  means  of  a  prior  vacuum  chamber  calibration.  The  transient  pulse 
monitor  will  detect  arc  discharges  occurring  on  the  external  surfaces  of  the 
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Figure  1.  -  Flight  model  discharge  system. 
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spacecraft  by  smmsurlng  the  radiated  elactomagnettc  noise  pulses*  The  pulst 
characteristics  should  provide  the  means  of  discriminating  between  arc  discharges 
and  spacecraft-generated  noise*  The  combination  of  these  three  different  sensore 
ehould  provide  a  good  Indication  of  the  state  of  spacecraft  charging,  but  any 
one  alone  (by  exceeding  a  preset  threehold  level)  will  be  able,  via  the  controller, 
to  activate  the  plaeme  source  and  reduce  the  charging. 

Considering  each  of  the  components  in  somewhat  more  detail,  we  come  back  to 
the  plasms  eouree.  This  will  produce  a  low  energy  (<50  eV)  neutral  plasma  where 
the  lone  arc  derived  froa  a  noble  gas.  Xenon  was  chosen  as  the  active  source  for 
the  SMBS  experiment  on  SCATHA,  and  would  be  a  likely  choice  here  ae  well.  The  Ion 
currant  lovelo  would  be  oelecteble  by  remote  commend  —  10  p  A,  100  p  A,  or  1mA. 

On  SCATHA,  SMBS  discharged  the  vehicle  from  a  potential  of  -3kV  using  ee  little  ae 
6  pA  of  currant*  The  plaeme  source  will  be  simpler  than  SMBS  In  that  neither 
multi-energetic  positive  Ion  boams  nor  alectron  booms  will  be  required.  However, 
the  activation  procoas  must  be  far  simpler  and  quicker  than  for  SMBS  since  It  will 
be  turned  on  automatically  by  the  controller,  end  must  be  capable  of  responding 
within  ton  seconds.  The  plasma  source  will  have  the  capability  for  1200  hours  of 
operation  In  apeco,  with  at  least  1000  oiroff  cycles.  This  is  expected  to  be  more 
then  enough  to  operate  for  threo  yeere,  with  e  largo  safety  factor  besides.  There 
will  be  monitor  outputs  to  telemetry  for  plasma  current  flow,  remaining  gee 
supply,  commend  statue,  and  other  diagnostlce.  Provisions  will  be  made,  ee  wee 
the  case  for  SMBS,  for  e  vacuum  enclosure  around  the  plaeme  source  to  allow  for 
operation  during  epececraft  integration  checks.  The  weight  of  the  plaeme  source 
will  be  leea  then  10  pounds,  end  the  power  required  for  operation  will  be  less  then 
10  watte. 


The  proton  oloctrootatlc  analyser  will  measure  the  Incident  proton  spectra  In 
the  energy  range  from  lass  than  100  cV  to  20  KaV.  It  will  be  simpler  than  the  ESAs 
used  on  SCATHA  elnco  It  will  require,  ee  a  minimum,  only  eight  Incremental  energy 
channels,  with  maximum  channel  eaerglee  (l.e.  upper  edge  of  full  width  at  half  maxi¬ 
mum  frUHHj )  nominally  eat  at  100  oV,  200  eV,  500  aV,  1  KaV,  2  KeV,  5  feV,  10  KaV, 
and  20  KaV.  The  energy  channels  will  be  adjacent,  end  with  a  minimum  of  overlap  at 
FtflM  —  not  more  than  2%  of  the  channel  central  energy.  The  algorithms  developed  by 
8plagal  (ref*  4)  to  allow  for  automated  interpretation  of  the  ESA  data  dapand  criti¬ 
cally  on  the  energy  channels  being  sharply  defined.  The  eweep  period  for  the  ESA 
to  sample  ell  channels,  which  determines  the  tiae-ecale  for  the  detection  of  space¬ 
craft  charging,  will  be  selectable  by  external  command  —  1  second,  5  seconds,  or 
10  seconds.  The  ESA  will  include  e  oun  sensor  to  reduce  electron  multiplier  gain 
when  the  Instrument  looks  toward  the  sun,  and  elao  a  control  grid  to  prevent  the 
low  energy  «  SOetf)  lone  from  the  on-board  plasma  source  from  boing  counted.  There 
will  also  be  available,  by  external  commend,  the  possibility  of  changing  the  bias 
voltage  of  the  electron  multiplier  detector  In  ordor  to  offset  the  effects  of  de¬ 
gradation,  end  to  extend  Its  operating  lifetime  In  apace.  The  weight  of  the  ESA 
will  be  lose  then  5  pounds,  end  the  power  requirement  will  be  lose  than  1  watt. 


The  aurfece  potential  monitor  will  measure  the  beck  surface  voltage  of  e 
dielectric  eample  ae  in  the  SCATHA  301  experiment.  The  aurfece  potential  end 
polarity  will  be  determined  once  per  second,  end  will  Include  the  range  100  volte 
to  20  kilovolts.  The  instrument  will  use  two  different  dielectric  aamplea  in 
flight.  These  will  be  chosen  prior  to  flight  from  e  previously-calibrated  eduction 
of  at  leaat  six  different  samples  of  “typical  satellite  dielectric  surfaces"  such 
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at  alumlnlsed  kept on,  tllvarad  teflon,  fused  silica  cover  glass,  etc.  Weight  and 
power  for  th«  instrument  should  be  less  than  3  pounds  and  2  watts,  respectively. 

The  transient  pulse  monitor  (TPM)  will  detect  arc  discharges  occurring  on 
the  external  surfaces  of  the  spacecraft  by  measuring  the  radiated  electromagnetic 
noise  pulses  with  an  externally  mounted  dipole  sensor.  Similarly  to  the  SRI 
instrusient  on  SCATHA,  it  will  record  the  number  of  pulses  counted  over  each  one- 
second  interval;  also  the  maximum  pulse  amplitude  (both  positive  and  negative) 
occurring  over  that  Interval,  and  the  Integral  of  the  signal  (both  positive  and 
negative)  over  the  interval.  It  will  determine  pulse  width,  with  the  capability 
of  detecting  pulses  from  10  nenosecondi  to  10  microseconds.  It  will  also  accomo¬ 
date  amplitudes  of  electric  field  strength  from  10  kllovolts/meter  down  to  10 
volts/astar*  Multiple  threshold  levels,  selectable  by  external  command,  will  be 
provided  to  determine  *-he  minimum  signal  lavel  above  which  pulsee  will  be  record¬ 
ed*  Multiple  attani&tbc  levels,  to  determine  the  overall  gain  of  the  system, 
will  also  be  selects*, by  external  command*  Protection  will  be  provided  against 
ringing  by  Incorporating  a  dead  time  that  will  limit  pulse  counts  to  once  per 
millisecond*  One  phase  of  the  calibration  of  the  transient  pulse  monitor  will 
include  the  detection  of  simulated  spacecraft  arc  dischargee  —  such  as  may  be 
lnducsd  in  a  vacuum  chambsr  by  bombarding  a  typical  spacecraft  thermal  control 
material  with  energetic  electrons*  The  weight  and  power  requirements  for  this 
lnstrumant  should  be  lees  than  3  pounds  and  3  watts,  respectively. 

The  controller  will  be  the  nerve  center  end  coordinator  of  autonomous 
operation  of  the  charge  control  system.  It  will  accept  inputs  from  the  atate-of- 
charge  sensors  (l*s.  the  proton  ESA,  the  surface  potential  nonitor,  and  the 
transient  pulae  monitor),  interpret  the  sensor  data  based  on  previously  stored 
algorithms,  determine  whan  pre-established  threshold  levels  of  charging  have  been 
met  and  then  activate  the  plaema  source,  and  finally,  turn  off  the  plasma  source 
whan  the  spacecraft  has  bean  discharged.  Once  activated  by  the  controller,  the 
plasma  source  will  remain  operating  for  a  fixed  time  period.  That  time  period 
will  be  eelectable  by  remote  command,  and  will  Include  the  nominal  Intervals  of 
3,  10,  30,  and  60  minutes*  The  threshold  levels  at.  which  tha  plasma  source  will 
be  activated  will  also  ba  selectable  by  external  command,  and  will  include  at 
least  tbs  (absolute  and  differential)  potential  levels  200,  500,  1000,  and  2000 
volta*  Indications  of  spacecraft  arcing,  as  determined  by  the  TPM  will  also 
causa  the  plasms  source  to  ba  activated.  The  algorithm  for  determining  tha 
occurrence  of  spacecraft  arcing  from  the  TPM  data  will  have  the  capability  of 
being  modified  in-flight  by  external  command  so  that  it  will  not  respond  to  the 
normal  'isckground  level  of  electromagnetic  noise  from  the  spacecraft  itself.  As 
a  safety  measure,  tha  controller  will  also  incorporate  the  capability  for  external- 
command  override  of  tha  operation  of  the  plasma  source  —  for  turn-on,  turn-off, 
and  currant  level  aattlnge.  Finally,  tha  controller  will  contain  sufficient 
excess  capacity  to  accomodate  an  additional  sensor  input,  if  that  should  turn  out 
to  be  desirable  at  some  future  data*  Allotting  approximately  5  pounds  and  3 
watts  for  the  controller  brings  the  system  totals  for  weight  and  operating  power 
(with  tha  plasma  source  on)  to  26  pounds  and  19  watts.  System  power  requirements 
with  the  plasma  source  not  operating  will  be  9  watts. 

Wa  expect  the  development,  fabrication,  and  test  of  the  charge  control  system 
to  take  approximately  four  years,  so  that  it  would  be  available  for  spacecraft 
integration  in  1988.  Our  present  plan  is  to  test-fly  the  system  on  a  polar- 


orbiting  Space  Shuttle,  along  with  other  AFGL-sponsored  experiments.  The  ultimate 
test  of  the  system  will  require  a  flight  at  geosynchronous  orbit,  which  Is  the 
regime  this  system  Is  primarily  designed  for  and  where  it  will  be  of  most  value* 
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DISCHARGE  PULSE  PHENOMENOLOGY 


Arthur  R.  frcdtrlckson 
Rohm  Air  Development  Center 
Hanscon  Air  Force  Base,  Massachusetts  01731 


A  model  la  developed  which  piece*  all  of  Che  published  radiation  Induced  discharge 
pulse  results  Into  a  unified  conceptual  framework.  Only  two  phenomena  are  required 
to  Interpret  all  space  and  laboratory  results: 

a)  Radiation  produces  large  electrostatic  fields  Inside  insulators  via  the 
trapping  of  a  net  space  charge  density,  and 

b)  The  electrostatic  fields  Initiate  discharge  streamer  plasmas  similar  to 
those  Investigated  in  high  voltage  electrical  instuation  materials;  these 
streamer  plasnas  generate  the  pulsing  phenomena  which  have  been  seen  by 
many  workers. 

The  apparent  variability  and  diversity  of  results  seen  to  date  in  space  and  labor¬ 
atory  experl nente  is  an  inharent  faature  of  tha  plasma  streamer  mechenlsm  acting  in 
the  electric  fields  which  were  created  by  lrrediatlon  of  the  dielectrics.  The 
implications  of  the  model  are  extensive  end  lead  to  constraints  ovar  what  can  be  done 
about  spacecraft  pulsing. 


INTRODUCTION 

At  first  look  one  is  struck  by  the  diversity  of  pulsing  results  reported  on 
spacecraft  and  ground  testing  of  Irradiated  dielectrics.  A  new  vocabulary  baa  been 
developed  in  this  community  (blowoff,  hulk  pulsing,  punchthrough,  surface  discharge, 
brushfire,  bl-layer,  charged-surface,  floating-conductors,  breakdown-potential) 
which  may  be  responsible  for  unnecessarily  increasing  the  diversity  of  results. 

Until  recently*  experimenters  were  hindered  by  the  facts  that  the  field  of  Investiga¬ 
tion  was  still  young  and  that  apparently  new  observables  kept  appearing.  One  experi¬ 
menter  would  observe  flashes  of  light,  another  would  see  a  potential  drop,  another 
measured  pulses  of  current,  still  others  observed  microdamage  after  the  Irradiation 
emission  of  Ions,  amission  of  energetic  electrons,  area-charge  scaling,  lack  of 
pulsing  under  certain  spectra,  cessation  of  pulsing  under  continued  irradiation, 
pulses  of  opposite  sign,  etc.,  etc. 

For  the  pest  decade  1  have  been  correlating  the  occurrence  of  pulses  with 
radiation  generated  electric  fields  in  the  bulk  of  irradiated  Insulators.  Electrical 
Insulation  breakdown  and  prebreakdown  events  are  usually  (ref  1,2)  related  to  an 
applied  electric  field  strength.  We  find  that  Irradiated  polymera  begin  pulalng  when 
the  estimated  radiation  Induced  electric  field  exceeds  100  kV/cm  (ref  3).  In  the 
process  of  reviewing  (ref  4)  the  spacecraft  charging  Literature  1  concluded  that 
whenever  pulses  were  observed,  the  irradiation  had  produced  internal  space  charge 
densities  large  enough  to  create  fields  in  excess  of  10*  V/ cm  within  the  dielectric. 
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Researchers  in  the  field  of  electrical  insulation  have  consistently  divided 
the  phenomenon  of  breakdown  Into  two  parts:  Prebreakdown  and  Breakdown  (full  permanent 
failure).  So  far  It  appears  to  me  that  we  see  only  the  prebreakdown  phenomena  in  our 
apace  radiation  situation.  If  one  applies  an  electric  field  in  excess  of  10^  V/cm 
to  a  solid  dielectric,  then  random  and  very  small  current  pulses  are  observed  which 
are  called  prebreakdown  events.  These  pulses  are  associated  with  flashes  of  light 
and  very  small  discharge  streamers  which  last  on  the  order  of  nanoseconds  or  less. 

The  insulator  does  not  fall  even  after  the  occurrence  of  thousands  of  prebreakdown 
pulses.  Such  pulses  are  sometimes  thought  to  be  due  to  the  failure  of  very  small 
weak  spots  or  the  discharge  of  microvolds  within  the  solid*  I  am  not  aware  of  one 
complete  reference  to  this  phenomenon  but  there  are  many  papers  dealing  with  various 
aspects  of  it  in  the  electrical  insulation  literature.  Reference  2,  the  IEEE 
Transactions  on  Electrical  Insulation,  and  the  annual  proceedings  of  the  Conference 
on  Electrical  Insulation  and  Dielectric  Phenomena  (IEEE  sponsored)  are  good  atartlng 
points.1  Prabreakdown  phenomena  is  a  rapidly  growing  research  field  which  contains, 
in  my  opinion,  some  exciting  solid  state  physics  problems. 

In  this  paper  we  show  how  all  the  spacecraft  charging  results,  both  ground  and 
space  results,  can  he  explained  by  the  mechanism  of  electric  field  generated  pre¬ 
breakdown  streamer  channel  formation.  The  electric  fields  are  due  to  either  applied 
voltages  in  dielectrics,  or  to  radiation  generated  apace  charge  electric  fields,  or. 
to  a  combination  of  the  two.  The  streamer  formation  is  a  quantum  mechanical  many- 
body  process  which  is  only  recently  being  attacked  with  Appropriate  tools}  its 
existence  is  observed  but  not  understood.  These  processes  "explain"  all  spacecraft 
effects  including:  area  scaling,  pulse  height,  pulse  width,  pulsing  frequency, 
radiation  spactrum  dependencies,  microwave  emission,  surface  discharging,  bulk 
pulaa  characteristics,  fibrous  material  discharging,  correlations  (or  lack  of) 
with  surface  potential,  light  flashes,  edge  effects,  emission  of  ions  and  electrons, 
etc. 


RADIATION  GENERATED  E  FIELDS 


Estimates  of  rsdiation  generated  electric  fields  in  dielectrics  are  available 
(ref  3,5-B)  but  only  a  few  good  measurements  have  been  made.  The  measurements  are 
difficult  and  actually  measure  charge  density  (ref  9,10)  not  electric  fiold.  The 
electric  fields  are  obtained  from  the  charge  density  by  use  of  Poisson's  equation. 

One  excellent  review  (ref  11)  is  available  which  surveys  most  of  the  existing 
charge  density  work  and  la  a  good  introduction  to  the  literature.  The  literature 
on  this  topic  is  extensive  but  does  not  answer  the  critical  engineering  question 
"Glvsn  a  particular  dielectric  device  under  various  broad  radiation  spectra  what 
electric  flelda  are  generated?"  Host  of  the  cases  that  have  been  discussed  involve 
monoenergetlc  electron  beams  and  short  total  irradiation  timaa  (<10**  rads  total 
dose),  A  few  cases  address  ths  question  of  broad  spectra  hut  than  simplify  ths 
modeling  to  assume  no  electronic  conduction  occurs  in  the  electric  field. 

Photon  irradiations  simulate  the  broad  energy  spactrum  situation  because 
photon  spectra  themselves,  as  well  as  the  excited  electrons  generated  by  each 
monoenergetlc  portion  of  the  photon  spectrum,  are  often  broadly  distributed  in 
energy.  Calculations  indicate  that  photona  from  10  KeV  to  2  MaV  produce  electric 
fields  of  nearly  10^  V/cm,  (ref  7,12)  in  most  practical  geometrlea.  Only  for  the 
case  of  slaba  surrounded  by  very  thick  layers  (>!  electron  range)  of  identical  atomic 
number  material  do  wa  find  field  strangtha  below  10^  v/cm  In  photon  Irradiated 
solid  Insulators.  Photon  beams  produce  a  net  charge  deposition  somewhere  in  irradi- 
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ated  solids  by  a  number  of  processes  depending  on  photon  energy  but  one  process 
always  occurs;  the  attenuation  of  the  photon  beam  results  In  a  concentration  gradient 
of  highly  excited  electrons  which  then  diffuse  and  "pile  up"  in  the  more  weakly 
irradiated  regions,  and  t^ls  process  will  generate  10*  v/cm  fields  in  moat  good 
solid  Insulators,  Other  processes  produce  much  larger  fields  in  photon  irradiated 
solids. 

It  is  possible  to  conceive  of  an  irradiated  solid  which  does  not  develop  net 
spatial  charging.  A  radloactively  doped  insulator  with  uniform  doping  profile 
would  not  charge.  But  such  a  device  would  not  be  practical  in  electrical  application 
since  electrodes  or  surfaces  remove  the  uniform  doping  constraint  and  create  large 
fialda  near  the  electrodes  or  near  the  surfaces.  1  have  not  encountered  a  practical 
dielectric  device  which  will  not  charge  with  strong  R  fields.  The  E  fields  are 
usually  strongest  near  electrodes  or  near  surfaces  and  edges  and  are  produced 
partly  by  the  divergence  of  the  high  energy  electron  currents  (or  by  their  flux 
gradients)  near  the  surfaces  and  electrodes. 

In  practical  devices  only  conduction  processes  will  prevent  the  sccumulation 
of  excess  charge  to  levels  where  R  exceeds  10*  V/CM.  Basically,  all  highly  excited 
C  10  eV  above  conduction  band)  electrons  are  stopped  in  solids  with  more  than  10* 
V/cm  stopping  power  and  in  the  absence  of  conduction,  this  process  of  stopping 
electrons  is  the  field  limiting  factor:  if  the  electric  field  exceeds  the  stopping 
power  of  the  solid,  then  the  excited  electrons  would  be  accelerated  out  of. the 
solid  until  the  resulting  field  strength  decreased  to  the  stopping  power.  In 
reality, ‘for  the  exposure  rates  expected  in  space  (<10*  roentgens/second)  It  is  the 
radiation  Induced  conductivity  and  the  dark  conductivities  which  are  the  parameters 
which  most  strongly  control  the  electric  field  strengths. 

One  can  make  changes  in  the  Incident  radiation  spectrum  until  one  ia  "blue  in  the 
face"  and  only  insignificant,  changes  in  peak  E  field  will  result.  In  the  highly 
insulating  dielectrics  (low  conductivity)  one  cannot  prevent  fields  from  exceeding 
10*  V/cm,  however  some  faulty  models  have  been  invoked  to  predict'  such  impossible 
lover  field  cases  by,  for  example,  the  use  of  so  called  "penetrating"  radiations. 

It  turns  out  that  for  tha  heat  dielectrics  and  for  nearly  any  radiation  spectrum 
and  any  geometry  the  field  strength  will  exceed  10*  V/cm  somewhere  in  the  solid  and 
in  some  special  cases  can  raach  107  V/cm.  To  avoid  this  high  field  strength  one 
needs  only  to  increase  the  conductivity.  Based  on  ten  years  experience,  I  find  that 
equation  1  In  a  good  guide  to  the  field  strength  dependence  on  conduction  processes 
et  low  dose  rates  (<10*  rads/second).  Geometry  and  spectrum  changes  will  not 
produce  more  than  an  order  of  magnitude  correction  to  equation  1  predictions. 

(E  Peak)  »  I0“12/k.(  1+o/kD)  (1) 

where:  10“12  has  units  of  (aec»V)/(cm2»ohm*rad), 
k  is  the  coefficient  of  radiation  induced 
conductivity  in  units  of  ( tec/ohm* cm* rad ) , 
a  is  tha  dark  conductivity  in  units  (ohm»cm)“l, 

D  is  the  average  dose  rata  in  the  volume  of 
Interest  in  units  of  rads/sec. 


For  the  best  dielectrics  k  is  typically  10“ 1®  (aaconds/ohm»cm»rad)  resulting 
in  peak  fields  of  10&  V/cm.  Of  course  k  Is  dependent  on  many  things  Including  !),  so 
one  must  evaluate  k  at  the  does  rate  of  Interest,  D,  using  eq  2. 


Radiation  Induced  Conductivity,  (RIC)  ■  k  D 


(2) 


J 
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where  RIC  is  empirically  determined  for  the  dielectric  material  in  question. 
References  3-8,  12  and  13  have  examples  of  electric  field  strength  profiles  In 
Irradiated  dielectrics.  Reference  3  compares  the  occurrence  of  pulses  with  the 
electric  field  strength  in  irradiated  dielectrics. 


ELECTRICAL  INSULATION  BREAKDOWN  PHENOMENA 


/>! 


Background 

While  surveying  the  breakdown  literature  I  learned  that  there  are  apparently  many 
failure  modes  for  elucrlcal  Insulation.  In  most  of  the  modes  a  very  large  current 
flows  tor  long  enough  times  to  blow  a  fuse  or  kill  a  power  supply.  However,  in 
most  of  the  spacecraft  testa  to  date  we  only  see  rapid  pulses  without  permanent 
failure  and  without  continued  pulsing. 


In  the  insulator  Industry  this  kind  of  pulsing  is  known  as  high  voltage  DC  prebreak¬ 
down  phenomena.  If  one' applies  an  electric  field  of  order  1CP  to  5  X  10^  V/cm  to  a 
good  dielectric,  small  pulses  may  occur  as  depicted  in  figure  1  for  a  period  of 
an  hour  or  so  and  may  even  reoccur  for  a  short  time  again  many  days  later  but 
usually  the  short  pulses  have  stopped  unless  one  changes  polarity  or  increases  the 
field  strength.  These  pulses  are  called  prebreakdown  events  and  usually  do  not 
load  to  full  breakdown.  However,  if  one  applies  sufficient  field  strength  a  rapid 
burst  of  prebreakdown  pulses  will  be  immediately  followed  by  full  breakdown  of  the 
Insulation. 


In  the  case  of  space  radiation  it  is  unlikely  that  total  breakdown  occurs  because 
there  is  no  "stiff"  power  source  which  can  continue  to  provide  significant  current 
to  the  system.  Even  though  peak  currents  approaching  10^  amperes  have  been  seen 
during  short  pulses,  the  dielectric  was  not  destroyed  as  an  Insulator  by  one  pulse. 
With  maximum  differential  potentials  of  10^  voltB  and  incident  currents  of  10"** 

A/ cm2  We  find  that  space  radiation  cannot  produce  a  d.c.  power  flux  exceeding 
10  u  Watta/cm2.  it  is  unlikely  that  such  low  power  flux  will  permanently  change  an 
Insulator  into  a  conductor.  Thin  oxide  electronic  device  insulations,  however,  are 
hurt  by  the  transient  pulses. 


The  most  common  dielectric  experiment  is  shown  in  figure  2.  A  current  is  measured 
between  two  electrodes  while  the  dielectric  is  irradiated  and/or  biased.  Any 
currents  or  current  pulses,  including  the  motion  of  Irradiation  driven  charged 
particles  (usually  electrons),  will  register  on  tbe  meter  according  to  the  equation 
in  figure  2.  If  one  measures  I  throughout  the  irradiation  and  independently  knows 
the  dose-depth  and  charge-depth  distributions  for  the  radiation  then  one  can  calc¬ 
ulate  the  E  fields  Internal  to  the  dielectric  (ref  3,7).  Pulses  will  also  show  up 
on  the  meter  according  to  the  equation.  The  experiment  in  figure  2  is  the  most 
generally  useful  arrangement. 


A  common  embodiment  of  figure  2  Is  to  have  most  of  the  space  between  X-0  and  X«A  in 
vacuum  and  thin  layer  of  solid  dielectric  of  thickness  d  from  X«A-d  to  X*A.  Again, 
electric  fields  bui.ld-up  in  both  the  vacuum  and  the  "dielectric  but  space-charge 
accumulates  only  in  the  dielectric,  because  space-charge  can’not  accumulate  in  the 
vacuum,  charge  current  flowing  in  the  vacuum  must  be  a  constant  across  the  vacuum 
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space  (in  the  quesi-static  approximation  which  i«  valid  for  this  spacecraft  problem) 
although  it  can  vary  in  tine. 

Consider  an  idealized  current  pulse  of  arbitrary  magnitude  J«.  Let  d«A.  Then  if 
Jp  occurs  in  the  vacuum  region,  it  must  be  constant  across  the  vacuum  and 


,  A-d 

ri 


dx  «  J. 


But  if  Jp  is  confined  to  the  dielectric  then 


A-d 


(3) 


To  date,  most  experiments  were  designed  such  that  A  "  5000. 

d 


Thus  pulses  confined  to  the  dielectric  will  be  detected  much  more  weakly  on  the 
ammeter  I  than  similarly  sized  pulses  in  the  vacuum  will  be  detected.  Therefore  an 
ammeter  set  to  a  scale  to  det  *ct  pulses  in  the  vacuum  will  not  detect  similar 
pulses  in  the  dielectric. 


The  Basic  Phenomenon 


All  of  the  observed  pulsing  phenomena  reported  by  spacecraft  charging  Investigators 
can  be  explained  as  normal  derivatives  of  the  streamer  phenomenon  described  in 
reference  2  and  reported  extensively  in  the  prebreakdown  electrical  insulation 
community.  It  is  found  that  solid  dielectrics  subjected  to  electrical  stresses 
greater  than  l()5  v/cm  (and  in  some  Instances  as  low  as  10*  V/cm)  spontaneously 
develop  streamers  of  gas/plasma  phase  matter  which  start  at  a  point  but  rapidly 
expand  along  a  line  roughly  parallel  to  the  local  electric  field  vector.  The 
streamers  tend  to  form  tubes  whose  diameters  are  in  the  range  0.1  to  10  microns 
(typically  1  micron)  but  can  become  much  larger  where  many  streamers  join  together, 
and  appear  to  have  no  limit  to  their  maximum  length.  Streamers  continue  to  propagate 
as  long  as  sufficient  E  field  exists  at  the  tip  of  the  streamer. _ 


Figure  3  is  a  pictorial  streamer.  Stop  action  photographs  indicate  that  streamers 
are  usually  brightest  at  their  tip  but  emit  light  throughout  their  length.  The 
insulation  Industry  reports  a  wide  range  of  propagation  velocities  from  10^  to  10^ 
m/sec  but  for  conditions  of  electron  irradiation  Balmain  et  al.  report  (ref  14) 
velocities  of  10^  to  10&  m/sec.  in  Balmaln'a  case  streamers  propagate  at  or  just 
beneath  the  surface  end  surface  effects  may  play  a  role  in  the  propagation  velocity 
so  it  might  be  instructive  to  do  almller  tecta  for  the  deeper  penetration  case.*4 
Under  electron  irradiation  it  appears  that  streamers  originate  at  &  surface  (where 
the  field  strength  Is  maximum)  end  propagate  tc  or  a  little  beyond  the  average 


deePer  penetration  will  not  be  obtained  by  raising  the  energy  because 
the  surface  potential  rises  to  slow  the  incident  electrons  to  roughly  2  keV  Incident 
energy.  Most  of  the  irradietion  in  Balmain’s  experiments  was  by  2  keV  slectrons. 
Instead,  one  should  ground  the  surface  with  UV  photons  or  low  energy  protons 
(ref  13). 
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trapped  electron  depth  whence  they  turn  at  right  angles  and  spread  out  at  this 
dapth;  the  right  angle  turn  Is  made  because  the  plasma  filled  streamer  has  almost 
eliminated  the  potential  difference  between  the  tip  of  the  streamer  and  the  dielec¬ 
tric  surface  so  that  the  E  field  vector  at  the  tip  is  now  per^ndicular  to  the 
original  field  direction  and  pointing  towards  the  centroid  of  the  spacecharge 
electrons  (ref  15). 

Streamers  have  been  seen  to  occur  in  many  materials  (liquid,  crystals,  glasses, 
polymers)  used  for  insulating  purposes.  In  all  these  materials  streamers  similar 
to  those  reported  by  Balmain  (ref  15),  by  Gross  (ref  16),  and  by  the  many  people 
using  irradiation  to  create  lichtertberg  trees,  are  occuring  in  dielectrics  which 
ere  under  electrical  bias  stress  alone. 


It  appears  that  tha  basic  streamer  forms  as  a  highly  ionized  plasma  tube.  The 
plasma  la  extremely  dense  and  under  high  pressure  so  that  when  it  approaches  a 
surface  it  "explodes"  from  the  surface  allowing  plasma  subsequently  formed  at  the 
streamer  tip  to  escape  through  the  tube.  At  the  cessation  of  the  discharge  propaga¬ 
tion  one  finds  the  remains  of  the  discharge  to  be  a  tree  or  bush  shaped  network  of 
hollow  tunnels.  Reference  17  reports  on  measurements  of  this  highly  ionized  plasma 
debris  which  escapes  the  solid.  In  the  case  of  applied  electric  bias  experiments, 
the  plasma  may  be  confined  to  the  dielectric  by  the  electrodes  so  that  hollow 
tunnels  do  not  occur  and  the  plasma  resolidifies  in  place,  however,  if  the  plasma 
tube  propagates  between  electrodes  entirely  across  the  dielectric,  it  becomes  a 
conductive  tunnel  effectively  shorting  out  the  insulator  for  as  long  as  the  power 
supply  can  maintain  sufficient  plasma  arc  power  to  continue  the  plasma  between  the 
electrodes. 

Although  streamers  have  been  seen  to  develop  at  10^  v/cm  applied  bias,  they  may 
have  actually  occurrad  at  localised  high  field  regions  due  to  space  charge  which  was 
developed  by  conduction  process.  I  would  quaes  that  at  least  105  V/cm  la  required 
to  Initiate  streamers  but  that  once  formed  they  can  continue  to  propagate  in  lower 
field  regions,  perhaps  in  regions  of  field  strength  as  low  as  10^  V/cm  or  lesB. 

The  streamer  obtains  its  energy  from  the  electric  field,  not  From  the  space  charge 
itself.  For  typical  geometries  the  spacecharge  density  developed  under  irradiation 
is  in  the  range  10®  to  10*  coulombs/meter  3.  Thus  a  one  micron  diameter  tunnel 
Intersects  from  5  to  5  X  10^  excess  trapped  charges  (electrons,  holes,  ions)  per 
centimeter  of  propagation.  Assuming  that  a  reasonable  fraction  of  the  atoms  within 
the  tube  are  ionized  by  the  streamer  propagation/formation  process  there  are  of 
order  10^  ions  end  free  electrons  per  centimeter  of  1  micron  dlamter  tube.  Thus  the 
excess  spacecharge  contributes  very  little  to  the  plasma  density. 

I  don't  know  of  any  physics  which  can  predict  the  occurrence  of  these  streamers. 
Electric  field  strengths  of  10®  V/cm  probably  cannot  accelerate  an  Internal  free 
elactron  much  beyond  10  eV  kinetic  energy  because  at  higher  kinetic  energies  the 
stopping  power  on  the  free  electron  in,  for  example,  polyethylene  exceeds  10®  V/cm 
(ref  IB).  Thus  one  free  electron  cannot  avalanche  because  it  takes  more  than  10  eV 
on  average  (probably  from  20  to  30  eV)  to  create  a  secondary  free  electron.  Perhaps, 
in  a  region  of  high  field,  occasionally  it  happens  that  sufficient  local  random 
ionisation  occurs  to  significantly  alter  the  bend  structure  and  the  dielectric 
constants  so  that  the  stopping  power  is  significantly  reduced  and  free  electrons 
can  accelerate  to  avalanche  levels.  Assume  that  50  eV  is  necessary  for  free  electron 
avalanching:  then  et  10®  V/cm  E  field  we  require  a  thickness  of  order  0.5  microns 


to  generate  this  klnattc  energy.  A  lower  Halt  may  exist  on  the  thickness  of 
Material  required  to  initiate  a  streamer  end  this  effect  is  partly  responsible  for 
the  Increased  breakdown  strength  of  very  thin  film  insulators.  In  addition,  the 
statistics  of  streamer  initiation  are  such  that  rare  atonic  level  events  say  be  the 

initiating  mechanism;  application  10®  V/cw  does  not  cause  streaaers  automatically 
everywhere,  they  happen  rarely  and  far  apart  relative  to  their  eise. 

Empirical  knowledge  of  the  streaaers  allows  us  to  explain  the  spacecraft  charging 
results  even  though  we  don't  understand  streamer  physics.  Streamer  propagation 
velocity,  total  streamer  volume,  streaaer  tube  diameter,  ionisation  density  inside 
the  streamer  and  the  empty  tunnel  which  remains,  along  with  electric  field  strength, 
are  sufficient  parameters  to  explain  the  spacecraft  charging  phenomena.  Using  this 
eapirical  data  and  applying  standard  electromagnetic  analysis,  the  rest  of  the 
paper  explains  the  observed  pulsing  results.  In  addition,  the  modeling  predicts 
results  which  have  yet  to  be  investigated.  However,  this  modeling  has  not  been 
tasted  and  it  would  be  wise  to  do  so:  for  example,  one  should  make  measurements  of 
the  externally  measured  pulse  current  and  relate  it  to  the  specific  streamer  tunnel 
which  produced  the  pulse. 

Electric  Fields  and  Streamers  in  Spacecraft  Dielectrics 

The  most  common  spacecraft  charging  laboratory  experiment  has  bean  irradiation  of 
thin  polymer  or  glass  sheets  by  approximately  20  keV  electron  beams  in  vacuum.  The 
irradiated  side  (front)  of  the  sheet  can  float  to  any  potential  but  the  other  side 
(rear)  of  the  sheet  is  attached  to  a  grounded  electrode.  Experimenters  have 
monitored  current  to  the  electrode,  discharge  current  to  the  electrode,  discharge 
current  pulsea  to  the  electrode,  potential  of  the  front  surface,  light  f laches, 
discharges  associated  aurface  trees,  and  electron,  ion,  and  neutral  particle 
emiesion  from  the  front  surface.  Figure  4  is  an  estimate  of  the  electric  fields 
in  a  1  millimeter  thick  mylar  eaaple  bombarded  by  20  keV  electrons  (ref  13).  These 
electric  fields  are  crucial  to  an  understanding  of  the  results  of' the  experiments. 

Referring  to  figure  4,  at  36  seconds  the  front  surface  attained  a  potential  of  -18 
kV  and  therefore  it  was  being  bombarded  by  2  keV  electrons.  Because  of  secondary 
electron  emission  the  front  surface  will  remain  at  this  -18  kV  potential  as  long  as 
it  continues  to  be  bombarded  by  2  keV  electrons.  However,  the  internal  fields 
continue  to  evolve  as  shown  in  figure  '4.  The  field  profile  at  1036  eeconda  is 
essentially  a  final  equilibrium  value  as  change  will  occur  only  very  slowly  beyond 
this  time  under  continued  irradiation.  Reasonably  similar  curves  would  occur  for 
teflon  or  polystyrene  or  other  highly  insulating  solid.  Notice  that  the  103  V/cm 
electric  field  strength  is  sufficient  to  initiate  streamers  with  either  polarity. 

Figure  3  shows  the  electric  field  calculation  for  a  23  micron  mylar  sheet  where  the 
front  surface  is  held  at  ground  potential  during  the  20  keV  electron  beam  irradia¬ 
tion.  In  this  case  even  larger  electric  field  strength  occurs  (exceeding  10*  V/cm) 
near  the  front  surface.  If  one  changes  the  sheet  thickness  to  any  value  in  excess 
of  10  microns  it  turns  out  that  only  minor  changes  in  the  equilibrium  electric  field 
would  occur  at  the  front  surface  for  either  fig.  4  or  fig.  5  conditions.  However, 
the  equilibrium  field  strength  at  the  rear  surface  is  roughly  proportional  to  the 
inverse  thickness  of  the  sheet. 

The  electric  field  profiles  in  figures  4  and  3  are  crucial  to  understanding  space¬ 
craft  charging  phenomena  to  be  described  below.  The  field  profiles  between  the 
front  surface  and  the  charge  centroid  (where  E  •  0)  are  key  to  understanding  the 
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phenomena  because  a  discharging  or  pulsing  sample  under  irradiation  is,  in  th* 
asneo,  hopping  between  tha  two  extreme  eaaaa  ahown  in  figs.  4  and  5* 

In  tha  caaa  of  an  insulator  with  both  aurf aeaa  grounded ,  pulses  have  >  Min  correlated 
with  tha  theoretical  alactrlc  field  strength  (ref  3) ..  The  pulses  occur  only  undar 
field  atrangth  exceeding  105  V/cn.  Also,  the  pulaea  had  the  polarity  consistent 
with  the  polarity  of  the  electric  field  which  had  exceeded  the  minimum  field  strength 
required  for  pulses  in  the  individual  sample. 


EXPERIMENTAL  SCENARIOS 

There  are  several  specific  experiments  reported  in  the  literature.  Each  experiment 
can  be  explained  by  the  streamer  hypothesis  as  follows. 


Floating  Front  Surface  Fotential 


Consider  tha  experiment  of  figure  6  where  a  dielectric  in  vacuum  is  irradiated  and 
lta  irradiated  eurface  is  allowed  to  float  to  any  potential.  If.  the  dielectric  is 
thicker  than  the  penetration  depth  of  the  monoenergetlc  electrons,  then  the  front 
surface  fields  will  be  approximately  as  shown  in  figure  4  for  any  choice  of  beam 
energy  above  one  keV.  As  tha  irradiation  progresses  from  its  Inception,  the  poten¬ 
tial  of  the  surface  "rises"  and  slows  the  incoming  electrons  until  the  qua-'i-equil- 
ibrium  occurs  whsrs  tha  sscondary  elsctron  currant  cancels  tha  incoming  primary 
base  currant*  Tha  quasi-equilibrium  will  occur  whan  tha  primary  electrons  bombard 
the  surface  at  the  "secondary  electron  second  cross-ovsr  energy"  (ref. 19),  typically 
from  1  to  3  keV.  The  continued  irradiation  by  1  to  3  kev  electrons  produces  further 
field  strength  enhancement  at  the  front  surface.  At  long  tinea  the  temple  will 
have  lost  tha  field  contributed  at  early  tinea  by  the  deeply  penetrating  higher 
energy  electrons  because  of  compensating  conduction  currents. 


Assuming  that: 

E0  is  tha  initial  elsctron  kinstic  snsrgy  in  eV. 

0 2  is  the  second  crossover  energy  in  eV 

f,  is  the  qussi-equlllbrlum  surface  potential 

Eg  Is  the  electric  field  magnitude  In  moat  of  the  bulk  of 
the  dielectric 

Ev  la  the  electric  field  magnitude  in  the  vacuum  in  front 
of  the  dielectric 
A  is  the  dielectric  thickness 

e  is  the  distance  from  the  front  surface  to  the  ground 

plane  on  the  other  side  of  the  vacuum; 

R  is  the  penetration  range  of  initial  Bp  electron  beam 

then  to  -#a  »  0 %  typically  Z  kcV, 

end  By  ■  0a/a  “  B0/a  for  E0»#2> 


end  Eg  •  0a/t  "  Ea/t  for  *>R, 


(4) 

(5) 

(4) 
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but  th#  f.  field  near  the  front  surface  will  reualn  as  shown  in  figure  4  for  any 
choice  of  B0,  A,  or  i  greater  then  *. 

If  one  Monitors  the  potential  of  the  front  surface  during  an  irradiation,  the 
result  is  often  as  shown  in  figure  7.  The  front  surface  potential  rises  roughly  to 
the  “second  cross  over"  level*  After  son  irradiation  tlue  (which  is  very  variable) 
a  pulse  occurs  discharging  the  front  surface*  The  second  pulse  my  occur  with  a 
shorter  elapsed  tliaa  and  at  a  lower  surface  potential  than  the  first  pulse.  Sub¬ 
sequent  pulses  My  occur  at  even  lower  surface  potential  and  soNtlMS  at  vary 
close  tlM  Intervals.  Finally  all  pulsing  ceases  and  the  surface  reaches  the 
"second  cross  over"  level  permanently* 

The  experimental  results  such  as  shown  in  figure  7  can  be  explained  in  the  following 
way.  Electric  field  strengths  of  1<P  V/cu  or  greater  (fig  4)  cause  a  discharge 
stresMr  to  fore  near  the  front  surface  and  the  resulting  plasM  erupts  free  the 
surface.  The  negative  plasM  components  then  accelerate  across  the  vacuum  space  to 
the  vacuum  chamber  walls  affectively  "grounding  out"  the  surface  potential.  The 
positive  components  return  to  the  surface  of  the  dielectric  spread  out  over  moat  of 
the  surface.  The  plasM  particles  actually  spread  out  in  the  vacuum  due  to  a 
combination  of  effects  including  pressure  waves,  diffusion  and  electric  forces  and 
then,  from  everywhere  In  the  vacuum,  they  flow  to  the  appropriately  biased  surface. 

The  stresMr  channels  resulting  from  this  process  are  hollow,  having  ejected  all 

their  mss  Into  the  vacuum  and  producing  sufficient  charged  particle  quantities  to 
discharge  large  ereasi  as  much  as  10“ 2  coulombs  has  been  seen  and  a  great  deal  mors 
charge  le  probably  available  judging  from  the  largest  llchtenberg  trees  that  I've 
seen. 

The  polarity  of  the  currant  pulse  seen  in  the  rear  electrode  current  monitor  is 
such  that  a  net  electron  flow  occurs  from  the  dielectric  through  the  vacuum  to  the 
chamber  walls.  The  surface  Is  not  discharged  by  streaMts  flowing  through  the 
dielectric  to  the  rear  elect rodeTor  a  fundaMntsl  reason:  If  a  streamer  were  to 
cross  through  the  dielectric  from  the  rear  electrode  to  the  the  front  eurface,  it 
would  make  a  shorting  contact  with  only  a  small  portion  of  the  front  surface  but 

would  then  burst  froe  the  front  surface  at  high  pressure  spilling  plasM  into  the 

vacuum.  The  major  discharge  would  than  proceed  in  the  vacuum  region  as  discussed 
in  the  proceeding  paragraph.  However,  for  reasons  to  be  published  in  the  roar 
future,  I  believe  that,  due  to  radlaton  alone,  a  streamer  will  not  propagate  entirely 
through  a  dielectric  but  will  roach  only  one  surface;  in  otherwords,  for  the  experl~ 
mental  conditions  published  to  date  the  so  called  "punchthrough"  discharge  is  an 
impossibility. 

Yhs  aurfacs  potential  discharge  Masurements  ere  dleciiased  in  reference*  20  through 
26*  The  return  current  to  the  rear  electrode  la  discussed  in  reference*  IS,  20 
through  26 i  The  eulasion  of  partlclea  into  th*  vacuum  la  discussed  in  ref*  17  end 
22  and  elsewhere  in  thle  conference  proceedings. 

So  far  during  the  irradiation  we  have  described  the  first  pulse  which  then  discharges 
the  surface.  Th*  discharged  surface  now  changes  the  field  profile  within  th* 
dielectric  increasing  the  field  strength  lmMdlstely  below  th*  surface.  The  incident 
electrons  r,o  back  to  their  Initial  value  of  energy,  say  10  or  20  ksV  and  begin  the 
surface  charging  process  over  again*  hut  the  electrons  are,  at  least  for  e  while, 
penetrating  more  deeply  within  the  dielectric  end  attempting  to  produce  field 
profiles  ss  described  In  figure  5.  Larger  F.  fields  era  produced  to  deeper  depths 
then  figure  4  shows,  but  only  after  the  first  pulse  occurs.  It  is  these  larger  end 
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deeper  fields  which  then  pnd«M  «w«  pulsing  In  shorter  tlue  increment e.  As  the 
pulelng  progresses,  field  strengths  very  between  the  extremes  shown  in  figures  A 
end  5  end  the  depth  dependence  series  between  these  extremes.  Finally,  In  etiology  to 
the  well  known  cspecltor  prebreekdown  phenowene,  ell  the  “week  spots"  between  the 
surfeee  end  full  electron  penetretlon  depth  ere  "pulsed"  end  further  pulsing  censes 
until  the  rsdietlee  spectre  eheage  significantly.  beet  colonist  ion  of  the  field 
profiles  during  e  series  of  breekdowns  hes  not  been  performed  so  this  descrlotlon 
Is  only  qualitative*  It  Is  well  known  that  the  otreeeers  crests  physical  damage  ; 
but  that  this  daasge  does  net  Increase  the  probability  for  future  streaeer  occurrence 
and  that  under  d.c*  stress,  pulsing  usually  ceases  after  *  ties  depending  usually 
on  the  field  strength* 

An  Interesting  result  is  predicted  by  the  above  phenomena,  the  field  profile  In 

figure  A  is  such  that  a  surface  pulse  is  not  likely  because  the  field  strength  at 

the  surface  is  not  exceptional  and  Involves  very  little  depth.  The  note  to  figure 
A  indicates  that  the  basic  concepts  used  to  derive  the  figure  are  known  to  be 
faulty  In  such  a  way  that  as  tine  under  irradiation  continues,  electrons  will  drift 
deeper  and  deeper  into  the  dielectric  so  that  the  field  profile  will  very  slowly 

wove  towards  that  shown  by  figure  5*  As  this  drift  occurs,  the  probability  that  a 

"weak  spot."  near  the  Surface  finds. itself  in  a  high  field  region  slowly  increases* 
Once  this  weak  spot  IS  found  by  the  drifting  field  front,  a  discharge  occurs  and  ft 
almost  instantly  the  field  strength  is  significantly  increased  in  the  dielectric  to 
deeper  depths  and  perhaps  many  new  weak  spots  are  found  resulting  in  e  flurry  of 
pulses*  Finally  ell  the  week  spots  neer  the  eurfece  are  discharged  end  pulsing 
ceases.  This  effect  hes  not  been  reported  formally  but  K.  Balmain  has  Indicated  to  j.: 
me  that  the  initial  pulse  takes  e  long  tine  to  occur  In  eloctron  haem  axperlnents 
but  once  It  happens  the  remaining  pulelng  happens  relatively  soon. 

If  one  evaluates  eq«  6  for  most  of  the  published  experiments  it  turn*  out  that  the  j 
electric  field  in  the  bulk  of  the  dielectric  beyond  the  eloctron  penetration  reage  [4 
significantly  exceeds  10*  ¥/en.  For  example,  many  experiments  were  performed  using  jy 
20  kaV  electrons  on  approximately  100  micron  thick  samples;  this  resulted  la  field 
st rang the  of  approximately  2  x  10s  V/ cm.  Reference  13  he*  calculations  of  electric  k 
fields  in  thin  polymers*  You  aro,  I  hope,  wondering  why  1  have  neglected  this  Urged! 
electric  field  which  occurs  In  meet  of  the  dielectric*  I  neglect  thle  big  bulk  1 

field  because  it  produces  only  very  smell  electrical  pulses  (though  It  produces  I 

many  pulses)  whiih  can  not  be  monitored  in  this  arrangement.  The  bulk  pulses  are 
similar  to  the  pulses  discussed  under  the  section  "Roth  Surfaces  Grounded”  below* 


Hater  Current,  1,  Fleeting  Front  turf see 

The  discharge  pulse  current  Z  flawing  in  the  meter  (fig  2)  depends  on  several  j 
vsrlablwa  such  as  front  surface  potential,  surf act  area,  and  random  flmctmationa. 

Rot  every  pules  causes  the  front  surface  potential  to  go  noarly  to  ground 
potential  (ref.  2A).  In  general  e  i  finds  that,  (ref.  13)t 

e)  discharge  pules  time  duration  «  (surface  area)*/2 

b)  discharge  pules  current  «  (surface  area)*/2 

c)  total  discharge  coulombs  •  surface  area 


These  rule*  arc  for  tho  conceptually  simple  caaaa  where  all  other  variable*  (other 
than  aurface  area)  each  aa  dielectric  constant,  Insulator  thickness,  and  serf ace 
voltage,  are  held  constant* 

Vhat  happens  if  w  change  the  other  parameters f  What  is  the  physical  process  which 
causes  these  effectsf  Again  the  answers  can  be  found  in  the  streawsr  propagation 
process  and  Its  resulting  piaaua.  inference  i5  argues  that  the  scaling  with  the 
/True  result  is  due  to  a  streamer  propagation  process  because  the  at rasas rs 
which  propagate  at  a  reasonably  constant  velocity  (raf*  1A)  have  lengths  scaling 
aa  the  linear  dlaenalen  of  the  insulator  which  necessarily  ecalss  as  the  /area. 

In  the  addition*  1  argue  that  the  total  charge  available  la  limited  by  the  total 
volume  of  the  streener  tunnels;  and  if  avary  stow  initially  in  the  tunnel  la  singly 
ionised  when  it  arrives  in  the  vacuum  space,  there  la  a  great  4eal  of  charge  available 
to  "ground"  the  front  surface*  Injecting  an  excess  of  charge  of  both  signs  into 
the  vacuum  apace  does  not  by  itself  fully  ground  the  front  aurface  because  a  great 
deal  of  the  plasaM  charge  la  shielded  from  the  electric  fields  by  ths  plasma  itself* 
Instead,  the  injected  plasma  will  spread  out  in  the  vacuum  in  a  way  which  depends 
on  it*  initial  temperature,  pressure,  velocity,  density  and  vacuum  I  fields  and 
then  scatter  off  the  walla  of  the  vacuum  chamber,  and  the  scattered  components  may 
also  contribute  to  the  "grounding"  of  the  front  surface*  Injecting  an  excess  of 
charge  however  doea  cause  the  surface  potential  to  drop  with  a  stellar  statistical 
distribution  for  any  aurface  area  and  this  will  often  happen  because  the  tunnel 
volume  varies  nearly  linearly  with  the  surface  area  (tunnels  tend  to  spread  out  in 
a  fan  shape  under  the  entire  surface  which  has  been  irradiated)* 

If  one  were  to  vary  the  sample  thickness  the  concepts  proposed  here  might  predict 
the  following  relationships t 

d)  pulse  time  duration  «  (sample  thickness)"1/* 

a)  pulse  current  «  (eamplo  thickness)"1/* 

f)  total  discharge  coulombs  «  (sample  thickness)"1* 

Varying  the  surface  voltage  might  cause  these  scaling  laws! 

g)  pulse  tine  duration  «  (aurface  voltage)1/*  f(v) 

h)  pulse  current  «  (aurface  voltaga)1/*/f(v) 

I)  total  discharge  coulombs  «  surface  voltage* 

And  varying  the  dielectric  constant  might  give  us  scaling  lavs  llket 

J)  puls*  time  duration  «t  1/J 

k)  pulse  current  «  *  tfl 

l)  total  pulse  charge  •  c 

The  function  f(V)  is  inserted  to  indicate  that  the  separation  of  the  positive  aad 
negative  components  of  the  plasma  in  the  vacuum  is  strongly  dependent  on  the  electric 
field  strength  in  the  vacuum  such  that  the  rapidity  of  grounding  of  tha  surface  la 
sensitive  to  this  effect* 


Tha  Htaal  mm  Mr(M»  t(t)i  Mas  IIm  pwlee  directly  m  tha  eolUfM 

•f  tte  mum  electric  fi«Mi  mwhI  kjr  ita  npavikiil  of  tlw  plaono  iwnlelM.  Xu 
M  MftrlaMti  m  «tMMl  Mltap  mm  la  applied,  it  la  eely  tla  electrestetic 
fields  dec  ta  trapped  specs  charge  Shi ah  (area  awrtaats  ta  flaw*  therefore  tha 
currant  flaw  la  prnly  a  dlaplacaasat  wwaai  ataaa  aa  real  charts  f lava  through  a 
caapleia  circuit.  The  pla—  aalf  reepewde  ta  aad  eallapaaa  tha  alaatrlc  field 
Share  tha  plaaaa  raaldaai  thla  aaavra  vlthla  the  atraaaar  tahas  aad  la  tha  raewwa 
apace.  Figure  •  daacrlhaa  tha  gewMtry* 

Coaaldar  the  eaa  dlaaaalaaal  ease  share  plaaaa  la  tha  for*  of  uaiforu  ahaata  af 
aalpalar  charts  la  Injected  hetveea  tsa  grounded  elect  radas  placed  “a"  aatara 
apart*  Let  there  ha  aaa  peeltise  cheat  aad  saa  aecatlve  cheat  each  af  tha  easel 
charts  density,  p  cowlonfcs/w*,  aad  apaaad  da  aatara  apart. 


Than  tha  lnagn 
titan  by 


charts  dasalty  ladsead  la  either  electrode  by  tha  charts  ahaata  la 


d  a  *(p  /a)  da* 

letseea  tha  cheats  tha  electric  field  created  by  tha  two  ahaata  la  (titan  by 

A  t-p/  c 

and  la  aero  alaavhare. 

Bq.  7  than  becoses 

*  ^ 

M  ■  ds 

a 

and  tha  currant  density  required  to  tenerata  tha  laaga  charge  la 

AX  •  Aa  ■  tj-  (At  ds/a) 


<7) 


(•) 


(0) 


(10) 


haturning  ta  the  problea  af  aseaea  plaaasi  geaaratad  In  a  vacuus  batveon  biased 
electrodes  sa  can  apply  aq*  10  by  aaasadsg  that  easy  ahaata  are  Injected  throughout 
tha  tacuus  uhleh  chaWea  I  ateryshere  la  tha  recuse*  Linear  superposition  of 
electric  fields  holds  Is  a  vacuus  so  «e  can  generalise  aq.  10  ta 


*/*ll 

•Va-«l 


SAX  •  X(t)  "Ih^di 
thara  l  -  B(x,t)  la  i  caetlauous  f section  star  apace  aad  ties. 


01) 


Let  at  paatalcta  that  tha  deadliest  affect  la  a  discharging  dielectric  with  one 
surface  flaatlag  la  tha  lajeetlea  af  a  act  central  plaaaa  late  tha  tacuus.  Tha 
plaaaa  epraade  eat  la  tha  tat  saw  ta  neutralise  tha  axletiag  tacuus  electric  fields 
aad  the  water  currant  X  la  gltea  by  aq*  11.  because  we  do  set  knew  tha  dynamics  of 
thla  plaanui  lajeetlea  aad  epreadlag  wa  can't  a-prlorl  calculate  i(t),  bat  wa  can 
predict  the  integral  atcr  tha  pwlaa  dwratleai 


(12) 


O  -  Aj  I  (t)  dt 

afcare  A  is  tin  nrliei  aru  «(  the  dielectric.  It  turn*  out  that  In  noat  npatltmti 
Q  woe  Marly  equal  In  aagaltade  and  opposite  in  polarity  to  tha  "so  cal  lad"  aurfaea 
chart*  residing  on  tha  irradiated  laanlator  torfaea  (actually  residing  in  tha  bulk 
typically  within  3  alcrona  of  tha  aurfaea).  Thla  la  equivalent  to  tha  atatanant 
that  tha  plaeaa  folly  collapsed  tha  electric  field  in  tha  vacuum. 

The  aaooat  of  charge  injected  by  atreaaara  will  be  diacuaaad  later;  thla  ahould  be 
a  variable  nunbar  depending  on  tha  total  irradiation  fluanca  aa  wall  aa  on  gao- 
aatrlcal  fan tarn. 

Pulses  in  Dlalaatriaa  with  Both  fidaa  Grounded 

Am  oataMfvo  not  of  eaperlaoaCs  (raf  3)  have  boon  porforaad  in  tha  geometry  of 
figure  2  where  dielectric  fill*  tha  entire  apace  between  the  alactrodaa.  In  thla 
eaM  only  avail  palaao  wore aaaa  and  aatlifibl*  chart*  ***  raaovad  fro*  the  dielec¬ 
tric  dating  tha  pulsing  process.  Tvanala  era  aaan  In  auch  dielectrics  after  lrradla- 
tiaa  aad  ace  probably  atelier  to  thoaa  described  above.  In  thla  aat  of  experience 
thick  saaple*  vara  need  (circa  3  a*)  under  high  energy  (circa  300  kaV)  electron 
boaberdneat.  However,  tlie  experlaantal  results  can  nil  bn  explained  by  tha  aaaa 
atraaner  phaaeaana  aa  in  tha  floating  surface  cnaa. 

The  tree  which  rcaul to  fro*  tha  straaaar  connect a  to  an  electrode  at  one  point  and 
braaebea  oat  into  tha  balk  of  the  dielectric.  Again  tha  basic  principle  la  that 
the  atraanav  Ip  a  denes  plasaa  which  caa  eollapsa  tha  electric  field  In  tha  volum 
occupied  by  tfre  plaaaa.  However,  tha  straaaar  follows  tortuous  paths  and  the 
calculation  of  water  currents  la  complicated  beyond  thn  aiaplo  concepts  engendered 
in  ops  7-12.  Thom  can  be  region*  in  the  dlelactric  which  initially  have  aero 
electroetatic  field  atraagth  but  once  a  streaner  ban  propagated  anna  dlatanca  It 
caa  Introduce  significant  apace  charge  density  Into  these  originally  aero  field 
strength  regions.  IP  otberwords,  a  atraamr  aunt  Initiate  in  a  high  field  region 
hat  once  it  haa  traveled  sows  dlatanca  It  can  create  a  high  local  field  strength 
near  lta  tip  la  a  region  nhieh  Initially  had  aero  electric  field,  in  fact,  tha 
hulk  of  tho  "troo  branches”  in  radiation  induced  trace  occur  in  intlaily  low  field 
ragloaa  of  the  dlolactrlc*  In  thn  process  of  forming  trees,  atroaMrs  can  produce 
large  current  flown  la  relation  to  tha  currant  which  would  be  required  to  ellalnete 
tha  electrostatic  fields  initially  present  in  the  volume  of  notarial  penetrated  by 
the  streaner.  Iquatlon  11  cannot  be  applied  alone  to  this  problem. 

For  the  region  of  the  atreSMr  which  runs  parallel  to  the  electrostatic  field*  aq. 

11  la  valid  but  one  east  macaber  that  tha  croaa  sectional  area,  A,  in  aq.  12  la 
typically  a  square  eicron  ao  that  tha  total  charge  0  la  vary  email. 

In  the  axperlannts,  typical  fields  were  10*V/cn  so  that  aq.  12  provides  the  following 
aatiaata  of  charge  pulse  magnitude  due  to  tha  portion  of  tha  square  micron  straaaar 
parallel  to  B. 


0  -  A  / !(t)dt  -  (A  c/a)  L  L  2B  dx'  dt 


dt 


(12a) 


(IS 


Assuming  that  Che  field  F  is  fully  collapsed  in  tone  short  time  T,  assuming  that  P. 
la  roughly  conatant  and  aaaumlng  tha  streamer  paaaea  nearly  all  tho  way  through  the 

sample,  we  get! 

Q  -  AC  E 

A  ■  10“12  tMter  2 
c  ■  10~H  farada/mater 
R  »  10®  volta/meter 
Q  -  10“  15  coulombs 

For  the  region  of  atreamer  perpendicular  to  tha  initial  E  field  the  atreamer  propa- 
gatea  moat  cosaaonly  becauae  of  high  charge  denalty  and  effectively  conduct a  thia 
charge  to  the  electrode.  The  argument  la  eaaentially  that  tha  atreamer  forma  the 
path  of  a  line  integral  over  which  every  element  haa  nearly  aero  E  field,  te: 

E  (1  )  ■  0  everywhere  along  path  t, 

dE  ■  0  ■  p 
d? 

in  analogy  with  Gauss'  luw.  Thia  condition  la  met  when  there  la  no  net  charge  in 
the  atreamer  tube  (tunnel)  which  implies  that  the  atreamer  removed  the  net  charge 
originally  along  the  atreamer  length. 

The  net  charge  injected  by  irradiation  is  in  the  range  10^  to  10*  coulombs/m3 
(refs  11,27)  ao  that  per  cm  of  tunnel  length  tha  following  charge  is  removed! 

for  10°  Coul/m3,  Q/cm  -  10“12  m2  *  10”2m/cm  *  10°  Coul/m3 

■  10“l*  coul/cm 

for  10*  coul/m3 ,  Q/cm  ■  10"10  coul/cm 

Of  course  theae  estimates  again  assume  a  tunnel  cross  section  of  a  square  micron. 

One  more  component  of  meter  current  flows  in  the  streamers  which  are  antiparallel 
to  the  original  static  E  field.  Thia  component  is  the  collapse  of  the  static  E  field 
across  the  streamer.  Eqs  11  end  12  provide  an  estimate  of  this  current  contribution. 
Assume  a  0.1  mm  thick  sample  with  an  E  fiald  atrangth  of  in3  v/cm  in  the  streamer 

ragion  with  1  aquara  micron  atraamar  1  cm  long.  In  thin  case  eq.  12  reduces  to 

0  -  A  je  E  Ax  »  10  “1®  coulomba/cm  tunnel 

« 

where  A  ■  10"®  X  10  "2  m2,  e  -  .0001  m,  A  x  ■  10“®  m. 

The  net  result  of  this  modeling  is  that  for  tha  kinds  of  tunnels  seen  in  low  does 

rata  testa  (micron  diameter,  leas  than  a  matar  total  tunnel  length)  one  would 
expect  Integrated  current  pulses  to  be  measured  lass  than  a  nanocoulomb  when  aborted 
electrodes  are  on  both  aides  of  the  dielectric.  This  is  in  contrast  to  the  floating 
front  surface  where  tha  vacumm  currents  produce  measured  charge  transfers  exceeding 
a  microcoulomb.  Tha  numbers  which  result  from  both  the  model  and  the  assumptions 
ara  in  agreement  with  the  range  of  pulsing  results  seen  in  experiments. 


Th«  pulsing  rates  (pulses  psr  unit  tins  or  p«r  unit  flusnes)  seen  in  eh#  open  front 
surface  experiments  ere  In  rough  agreement  with  the  rates  seen  in  fully  grounded 
experiments  (ref.  3,  28,29).  This  Is  further  evidence  that  in  both  geometries  the 
pulses  have  a  common  origin. 

Pulse  Energy  for  Floating  Surface  Case 

Previous  calculations  have  only  estimated  charge  flow.  For  the  radiated  EM  wave 
problem  one  needs  an  estimate  of  maximum  puls#  anargy  because  the  collapse  of  the  E 
field  radiates  waves  directly  as  well  as  causing  Image  charge  motions.  Because  the 
dynamics  of  the  field  collapse  are  not  known  to  me,  I  cannot  address  the  directly 
radiated  EM  wave  Intensity  problem;  It  is  certainly  complex  containing  plasma 
oscillation  components  as  well  as  resonant  cavity  ringing  phenomena*  But  we  can 
estimate  the  Initial  electrostatic  energy  available  to  be  radiated. 

Referring  to  figure  8  and  assuming  as  usual  that  most  of  the  trapped  charge  resides 
near  the  floating  surface  we  find  that  most  of  the  electrostatic  energy  resides  in 
two  fields.  If  Ve  is  the  surface  potential,  then  the  energy  stored  per  unit  surface 


area  in  the  dielectric  is  given  by 
Cd  -  cVo2/2a 


(13) 


where  a  is  the  dielectric  thickness,  and  the  energy  stored  in  the  vacuum  (per  unit 
area)  is 


cVo2/2b 


(14) 


where  b  is  the  distance  through  the  vacuum  to  ground  (or  one  debye  length  in  the 
space  plasma). 


that  the  vacuum  spacing 
that 


Assuming  that  the  sample  dielectric  constant  is  similar  to  vacuum, 
spacing  b  is  0.5  m  and  that  the  sample  thickness  is  10“^  m  ve  fl 


find 


-  5  X  10*  »1. 


(15) 


However,  the  electrostatic  energy  within  the  dielectric  is  not  discharged  by  a 
propagating  streamer.  Only  the  volume  occupied  by  the  streamer  is  discharged, 
we  let  £'  be  the  discharged  electrostatic  energy,  then  in  the  vacuum  the  total 
discharge  energy  is 


If 


0^  mt  (Vacuum  volume)  VQ2/2b2 
and  for  the  streamer  the  total  discharge  energy  is 


(16) 


(17) 


£j«.e  (Streamer  volume)  V02/2a2 

Assuming  a  sample  surface  area  of  10“2  m2,  a  dielectric  constant  similar  to  vacuum, 
a  streamer  length  of  1  meter  with  one  square  micron  cross  section  we  find 


4  X  10*3  «  1, 


(18) 


Thus  the  discharge  pulse  energy  is  significantly  smaller  in  the  dielectric  than  in 
the  vacuum  for  the  typical  irradiation  geometries  reported  to  date.  Yet  it  is  the 
plasma  created  in  the  dielectric  which  causes  the  relatively  large  energy  dumps  in 
the  vacuum  region  of  space. 
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Real  Spectra  Effect*,  Surface  Potential,  and  Enhanced  Pulsing 

It  has  been  reported  that  the  space  shuttle  tiles  show  no  discharge  pulses  under 
monoanargetic  irradiation  but  do  pulse  when  irradiated  with  a  broad  epectruai  (ref 
30) .  This  effect  will  also  occur  in  space  and,  contrary  to  popular  opinion  of  the 
moment,  the  effect  proves  that  testing  with  monoenergetic  beams  is  not.  necessarily 
a  worst  case  test, 


The  cause  for  the  effect  has  not  been  proven  but  I  postulate  the  following  cauao. 
Early  in  the  irradiation,  before  pulses  begin, the  aurface  comae  to  its  equilibrium 
potential  say  2  keV  below  the  incident  monoanargetic  electron  energy.  Figure  4 
describes  a  typical  result  where  surface  potential  equilibrium,  occurred  in  36  seconds 
(ref  13)*  The  electric  field  at  tha  front  surface  which  can  produce  streamers  that 
eject  plasma  into  the  vacuum  will  not  penetrate  beyond  0*1  micron*  The  rest  of  the 
dielectric  beyond  0.1  micron  will  produce  streamers  which  connect  to  the  rear 
electrode,  not  to  the  vacuum*  Balmain  finds  that  he  must  wait  long  times  for 
discharging  to  begin  (ref.  29)  even  at  his  much  higher  dose  rates*  Such  long  times 
probably  Invalidate  fig  4  conclusions  because  of  trapped  charged  diffusion  effects 
which  would  bring  the  high  fields  near  the  surface  to  deeper  depths.  It  may  be 
that  0.1  microns  of  material  is  unlikely  to  produce  a  streamer,  it  may  require  1.0 
microns  or  more  of  depth  to  allow  a  streamer  to  propagate.  Thus  in  Balmains 
experiments  he  waits  until  diffusion  has  moved  the  charge  centroid  (where  E  »  0)  to 
some  depth  perhaps  l  micron  or  more.  At  this  point  in  time  a  streamer  initiates 
and  pulsing  begins.  But  with  a  broad  spectrum  one  doesn't  have  to  wait,  the  high 
energy  tail  rapidly  produces  the  deeper  surface  field  penetration. 

Figure  9  describes  the  quantitative  approach  for  estimating  the  importance  of  the 
tail.  The  dielectric  surface  comes  to  a  potantial  0t  in  space  typically 
between  0  and  “10  kV.  The  surface  has  a  backscattered  plus  secondary  electron 
yield  curve  (ref.  31)  which,  when  folded  with  the  space  electron  energy  spectrum, 
produces  a  specific  energy  £  g  determined  by 


MS-  ».>]  -6-0 


(19) 


where  M(  £  )  is  the  space  electron  energy  distribution.  This  is  equivalent  to 
saying  that  the  net  current  to  the  sample  by  all  electrons  below  £g  is  sero. 

£  g  will  gsnerally  be  >1  kV  above  the  second  crossover  energy  for  most  polymers 
and  at  energies  above  £g  the  backemitted  yield  (figure  9)  is  roughly  a  constant. 
Typically  in  space  the  electron  energy  spectrum  above  Cl  can  be  characterised  by 
a  function  like 


N  (  £  >  £*)  -  N0C“n,  n>l 


(20) 


and  we  can  eolve  directly  for  I 


I  « 


|  N(£)  [l  -  a(  £  -  0e)]  d£  -  /%(£)  [l  -  a  (£-0*)]  d£ 
i  -  [l  -  a  (£*)]  fiT1 


(21) 


If  «•  know  the  spectrum  («uch  as  aq.  20)  wa  can  determine  £4  from  eq  19  and  by 
measuring  I  we  can  then  determine  the  total  incident  current  above  £4  because  all 
this  current  must  go  to  the  electrode.  Mow  if  I  >10“'2  A/cra2  it  is  in  principle 
capable  of  creating  sufficient  field  strength  over  sufficient  depth  to  produce 
streamers  at  the  surface  because  the  tail  beyond  £&  is  depositing  charge  beyond  0.1 
micron  depth  in  sufficient  quantities.  The  above  mechanism  is  postulated  to  explain 
the  fthuttle  tile  results  where  monoenergetic  electrons  do  not  cause  discharge  but 
broad  spectra  do.  The  extensive  polymer  results  where  monoenergetic  electrons 
cause  pulsing  but  only  after  inordinate  time  delays  is  postulated  to  be  due  to  slow 
carrier  drift  (typically  up  to  5  microns  as  reported  in  the  literature)  before  deep 
trapping.  The  basic  reason  for  the  difference  is,  again,  postulated  to  be  due  to  a 
streamer  phenomena  ie:  there  is  some  minimum  dielectric  thickness,  probably  field 
dependent,  required  for  the  generation  of  thase  (non  thermal  type)  streamers. 


EXPERIMENTAL  PREDICTIONS 

Several  new  experimental  results  can  be  predicted  from  this  modeling.  These  experi¬ 
ments  could  be  a  check  on  the  model. 

Containment  of  Streamer 

The  streamers  reported  by  Balmain  et.  al.  are  almost  surface  streamers.  At  first 
look  they  appear  similar  to  the  bulk  streamers  which  occur  at  deeper  depths  when 
irradiated  by  higher  energy  (100  keV  -  10  MeV)  electrons  in  air.  However,  I  think 
both  streamers  are  produced  by  electric  fields  as  the  driving  force.  If  one  were 
to  perform  Balmain's  irradiations  with  a  very  thin  (say  500  A  Al)  front  grounded 
electrode  then  the  streamers  would  occur  mostly  at  5  micron  depth  and  be  similar  to 
the  trees  generated  by  higher  energy  irradiations.  The  resulting  tree  would  burst 
through  the  500  A  electrode  leaving  a  hole. 

However,  if  one  were  to  use  a  2  mm  thick  electrode  tightly  clamped  to  the  surface 
and  irradiate  with  say  MeV  electrons,  I  predict  that  streamers  still  form  but  do 
not  leave  the  sample.  The  streamer  will  re-aolldify  in  its  track.  It  might  be 
visible  as  a  tree  of  lass  crystallinity  after  the  event,  one  could  look  at  the 
edge  of  the  aample  for  the  flash  of  light  to  be  sure  that  a  streamer  occurred.  In 
my  experiments  with  heavy  electrodes,  trees  were  never  seen  leaving  tha  dielectric 
at  the  electrode,  they  were  only  earn  at  a  gap  or  at  tha  edge  of  tha  electrode. 

It  is  often  presumed  that  trees  only  originate  at  gaps,  seises,  or  flaws,  I  feel 
they  can  originate  elsewhere  but  of  course  prefer  "high  field"  or  "weak  spot" 
regions  associated  with  gaps,  edges,  or  flaws.  The  axperiment  above  using  500  A  Al 
electrodes  should  demonstrate  that  streamers  also  propagate  to  (or  start  at)  an 
electrode  Interface  end  in  this  cnee  will  blow  away  the  electrode  at  thin  point.  1 
hava  eean  this  effect  with  carbon  paint  electrodes  which  sre  sdnitsdly  not  very 
smooth  and  may  hsvs  had  a  microcrack  at  the  discharge  site. 

Experimental  Proof  of  Vacuum  Field  Collapse  Theaia 

I  propose  irradiating  a  sample  in  the  geometry  of  figure  8  while  holding  the  irr¬ 
adiated  surface  at  ground  potential  (either  using  VUV  light  to  photoemit  electrons 
from  the  surface  or  using  a  thin  groundsd  metsllsstion).  This  wilt  make  all  pulaas 
seen  by  meter  I  very  small.  Then  one  can  simulate  tha  floating  surfaca  field  in 
the  vacuum  by  biasing  the  lower  electrode  in  fig.  8  to  +10  kV  through  a  very  high 
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impedance.  This  will  cause  the  pulses  to  become  the  large  type  just  as  if  the 
front  surface  had  been  charged  to  *-10  kV. 

In  addition  I  propose  biasing  the  lower  electrode  with  a  very  low  impedance.  This 
will  allow  one  to  collect  much  more  of  the  plasma  charge  which  the  streamer  injects 
into  the  vacuum.  Or,  at  least,  it  allows  more  of  the  charge  to  be  separated  and  to 
register  as  a  current  on  the  meter.  Thus,  in  this  low  impedance  case  charge  collec¬ 
ted  will  not  scale  with  surface  area  hut  will  scale  with  streamer  volume.  In  Buch 
experiment  one  must  be  sure  to  expose  the  upper  electrode  to  the  vacuum  plasma  in 
order  to  collect  the  positive  plasma  charge,  otherwise  the  plasma  will  just  clamp 
the  surface  potential  to  the  lower  electrode  and  the  charge  collected  will,  again, 
scale  with  surface  area. 


Streamer  Volume/Plasms  Charge  Thesis 

One  can  Irradiate  a  sample  in  a  chamber  which  also  has  two  extra  electrodes  near 
the  front  of  the  dielectric.  These  electrodes  can  be  biased  at  high  voltage  and 
with  low  impedance  so  that  a  fraction  of  the  olaama  charge  will  be  collected  on  the 
electrodes  and  appear  as  a  current  in  a  meter  connecting  the  two  electrodes  (one 
electrode  is  biased  positive  and  one  nogative).  The  integrated  current  is  then 
proportional  to  the  amount  of  plasma  injected  into  the  vacuum. 

One  irradiates  until'  the  first  pulse  occurs  and  immediately  turns  off  the  beam. 

The  total  streamer  volume  is  then  measured  (1*11  let  you  figure  out  how)  and  compared 
to  the  pulse  charge  measured.  This  is  repeated  using  differing  dose  rates,  beam 
energies  and  sample  sizes  until  a  large  distribution  in  pulse  sizes  is  generated. 

The  streamer  volume  as  measured  by  the  remaining  tree  volume  should  scale  with  the 
pulse  charge,  (of  course  this  pressumes  that  the  plasma  charge  collection  efficiency 
Is  a  monotonic  function  of  the  streamer  size.) 

This  experiment  is  also  a  measure  of  the  limit  to  pulse  size.  The  ultimate  pulse 
current  magnitude  la  limited  by  the  total  free  charge  in  the  streamer  plasma.  In 
the  scaling  experiments  reported  to  date  I  think  it  Is  true  that  the  streamer 
Injected  free  charge  far  exceeding  the  charge  required  to  drop  the  insulator  surface 
to  ground.  In  addition,  experiments  with  radiation  Induced  llchtenberg  trees 
indicate  that  they  usually  Bpread  out  to  encompass  most  of  the  solid  so  that  the 
total  streamer  volume  will  scale  roughly  as  the  total  Irradiated  surface  area.  It 
will  also  scale  with  the  static  field  strength  just  prior  to  streamer  formation 
because  the  trees  are  known  to  put  on  more  branches  when  the  discharge  occurs  at 
higher  field  strength. 


Coupling  to  Biased  Spacecraft  Element  a 

It  Is  well  known  that  electromagnetic  coupling  will  occur  to  other  elementa  on  a 
spacecraft  when  a  discharge  occurs.  The  plasma  Injected  Into  the  vacuum  creates 
another  coupling  mechanism.  Other  elements  with  bias  and  near  the  discharge  site 
will  Interact  directly  with  the  plasma.  This  mechanism  could  be  more  Important 
than  direct  EM  coupling.  Experiments  on  this  phenomenon  are  ob\  lously  specific  to 
the  spacecraft  application  hut  they  can  be  a-prlorl  modeled  since  experiments  B  and 
C  above  provide  the  basic  Information  for  modeling  this  phenomenon. 
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Pulse  Rate  versus  Dose  Rate 


It  is  often  thought  that  the  pulse  rate  relates  to  the  dose  rate.  In  experimental 
tests  this  is  roughly  true  as  long  ar  the  sample  continues  pulsing.  However,  the 
thought  is  contradicted  by  the  fact  that  all  pulsing  stops  after  some  time  (for 
pure  polymers  only,  fiber  filled  materials  can  pulse  virtually  forever,  refs  3, 

28,  30). 

A  better  interpretation  would  be  similar  to  the  common  high  voltage  capacitor 
pre-breakdown  pulse  explanation.  In  this  case,  if  one  first  applies  10^  V/cm  to  a 
dielectric  small  pulses  are  seen  which  eventually  stop.  Presumably  the  weakest  spots 
have  been  relieved.  Raising  the  field  to  2  X  10^  V/cm  introduced  more  pulsing 
which  also  stops,  presumably  relieving  more  weak  spots.  In  the  case  of  radiation,  a 
higher  dose  rate  simply  causes  the  high  field  strengths  to  evolve  more  rapidly  but 
once  equilibrium  fields  are  attained  pulsing  will  soon  stop. 

Pulses  Caused  by  Changing  Spectra 

After  an  irradiation  has  progressed  to  electric  field  equilibrium  and  pulsing 
appears  to  have  stopped,  further  pulsing  is  only  occasional.  However,  a  change  in 
radiation  energy  spectrum  will  cause  a  relatively  rapid  redistribution  of  electric 
field  strength.  This  redistribution  can  cause  new  weak  spots  to  find  themselves  in 
a  high  field  region  and  pulsing  can  begin  again.  Such  an  effect  hae  been  Seen 
(ref.  28). 

Do  Punchthrough  Breakdowns  OcCur? 

Whenever  insulators  are  irradiated  in  air '(the  air  iona  hold  the  surface  at  ground 
potential)  the  resulting  tree  exits  from  only  one  surface;  no  punchthrough  occurs. 
This  happens  for  good  reason;  the  electric  field  distribution  will  not  propagate  a 
streamer  all  the  way  through  the  insulator.  The  streamer  stops  propagating  when 
the  field  at  ita  tip  goes  to  sero  (figs.  4  and  5).  Given  a  constant  spectrum  it  is 
unlikely  that  conditions  can  be  created  to  get  a  streamer  all  the  way  through  the 
insulator  by  normal  streamer  propagation  mechanisms. 

However,  if  one  streamer  has  been  formed  and  the  spectrum  changes  then  a  new 
streamer  may  occur  and  intersect  the  earlier  streamer's  hollow  tunnels.  The  force 
of  high  pressure  then  may  drive  the  new  streamer  through  the  old  tunnels  and 
seemingly  penetrate  through  the  sample.  This  occurrence  appears  to  me  to  be  very 
infrequent. 

On  the  other  hand,  if  one  looks  at  figure  4  it  is  possible  for  streamers  to  occur 
at  the  rear  electrode  and  propagate  to  within  0.1  micron  of  the  front  surface.  In 
this  event  it  may  be  that  the  pressure  in  the  confined  streamer  is  enough  to  blow 
off  the  0.1  micron  layer  at  some  point  and  effectively  propagate  the  streamer 
through  the  entire  insulator.  Since  I  don't  know  the  pressure  developed  in  the 
streamer  nor  do  I  know  the  dynamics  of  crater  blowoff,  I  can't  discuss  the  con¬ 
straints  on  this  process. 
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Figure  1*  Pictorial  of  currant  to  the  electrode*  of  a  dielectric  filled  capacitor 
under  conetant  dc  bine.  The  non- zero  background  current  la  due  to  dark  conduct¬ 
ivity  In  the  dielectric*  The  pulses  are  called  prebreakdovn  events  and  usually 
occur  at  fields  of  10s  V/cm  or  higher*  Pulse  sites  vary  but  are  snail*  counonly 
of  order  picocoulonbs* 


Figure  2.  The  aaasurad  current  in  a  wire  connecting  two  electrodes  is  the  spatial 
Integral  of  the  currents  in  the  space  between  the  two  electrodes*  The  distance 
between  the  electrodes  la  "A"  In  this  figure* 


Flfur*  3.  One*  a  (truMir  foraa  In  tha  dlalacttlc  the  otraaaar  tip  propafaa 

parallal  to  tha  K  fiald  at  10s  a/aac.  Tha  atraaaar  probably  atarta  at  or  naar 
tha  aurfaca* 
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Figure  4.  Calculated  electric  field  strength*  versus  depth  from  the  surface  of 
•pier  irradiated  by  10  kaV  electrons  at  10"*  A/ cm2,  the  Irradiated  front 
surface  of  the  1  mm  thick  nylar  is  floating  while  the  rear  surface  is  grounded. 
The  Irradiation  begins  at  0  seconds*  Zt  is  important  to  note  that  these  results 
are  obtained  under  the  assumption  that  radiation  generated  charge  carries  do 
not  drift  beyond  100  angstroms  which  is  known  to  be  Incorrect.  However,  the 
drift  rate  and  the  distance  travelled  before  deep  trapping  is  not  well  known 
but  S  uicron  drlfta  have  been  seen  in  ten  ulmite  experiments.  Such  effects 
would  cause  these  I  fields  to  become  lsrger  while  thr  depth  et  which  EH)  slowly 
drifts  to  deeper  depths,  perhaps  a  few  microns* 
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Figure  5.  Calculated  electric  field  profile  in  25  micron  thick  mylar  with  both 
■urfacee  grounded.  The  front  aurfece  (aero  depth)  ia  irradiated  by  20  Wf 
elecoona  beginning  at  aero  aeconda.  Incraaalng  the  thlckneaa  of  the  nylar 
mould  not  change  the  reaulta  at  dept ha  between  0  and  5  elcrone. 
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igure  6.  Tp,  leal  Irradiation  geometry.  Thin  eimple  atructure  ia  laaida  «  f 
l  vacuum  chamber.  The  front  aurfece  can  be  left  floating  or  it  can  be  grounded 
1  by  appliratlon  of  a  eery  thin  conductive  coating. 


Figure  7.  Floating  float  aorfiM  potential  m  a  function  of  tiao  during  Irradiation 
m  deocribed  in  figure  i.  The  praclpltoua  drape  In  potontlal  are  duo  to  dle- 
chargos.  ihie  la  a  typical  (but  not  a  particular  experiment)  roault  but  other 
rooulto  have  boon  obaarvod  alee*  Including  for  aaanpla  no  dlachargea* 


Figure  ••  Motor  eurronta  roault lag  froa  a  dlacharga  In  which  actual  charged 

partlcloa  do  not  roach  tho  a loot rode.  The  alactrlc  field  change  la  reaponalblt 
for  tho  Mtorod  currant*  tinea  wa  can't  know  the  charged  particle  trajactorlea, 
wo  neat  datorulna  X  froa  thin  dlaplacanant  currant  alone*  Haro,  V  la  volume* 

Wa  can  aaka  an  aatlnoto  of  tha  total  change  lu  B  and  tho  volume  In  which  It 
ocuro  oven  though  4  B/dt  la  lndotorulnata* 


Figure  9.  Measured  rear  electrode  current  at  late  times  in  a  long  Irradiation  by  a 
broad  energy  spectrum.  tie  is  the  equilibrium  front  surface  potential. 

Eg  i'i  the  electron  energy  below  which  all  incoming  electrons  produce  no  net 
meter  current  due  to  back  emitted  electron  effects.  5(e)  is  the  back 
emitted  current  for  a  current  of  Incident  electrons  at  initial  energy  e. 
eg  is  usually  a  few  keV  above  0e.  This  figure  depicts  why  the  simplified 
solution  in  eq.  21  is  a  good  approximation  since  6  is  nearly  constant  above  eg. 
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DISCHARGE  CHARACTERISTICS  Of  DIELECTRIC  MATERIALS  EXAMINED  IH  MONO-,  DUAL-, 
AND  SPECTRAL  ENERGY  ELECTRON  CHAR61NG  ENVIRONMENTS* 


P.  Coakley,  H.  Treadway,  N.  Mild,  and  B.  Kltterer 

Jaycor 

San  Diego,  California  92138 

1.  IimiOOUCTlOII 

In  an  effort  to  explain  the  effects  of  mid-energy  electrons  (25  to  100  keV)  on 
the  charge  and  discharge  characteristics  of  spacecraft  dielectric  materials  and 
expand  the  data  base  from  which  basic  discharge  models  can  be  formulated,  thin 
dielectric  materials  were  exposed  to  low-  (1  to  25  k eV),  mid-  (25  to  100  keV), 
combined  low-  and  mid-,  and  spectral-  (1  to  100  keV)  energy  electron  environments. 
This  effort  has  produced  three  Important  results.  First,  It  has  determined  electron 
environments  that  lead  to  dlolectrlc  discharges  at  potentials  less  negative  than 
-5  kV.  Second,  this  effort  has  Identified  two  types  of  discharges  that  appear  to 
dominate  the  kinds  of  discharges  seen:  those  with  peak  currents,  I  »  10  A  and  pulse 
widths,  t  >  300  ns,  and  those  with  I  <  5  A  and  t  <  20  ns.  Third,  this  effort  has 
shown  that,  for  the  thin  dielectric  materials  tested,  the  worst-case  discharges 
observed  In  the  various  environments  are  similar. 

Previous  laboratory  experiments  have  focused  on  the  effects  of  monenergetlc  low- 
energy  electron  charging  and  discharging  of  various  spacecraft  dielectric  materials 
(Ref.  1).  Time  experiments  showed  that,  for  samples  with  electrically-grounded 
substrates,  discharges  occurred  only  when  surface  potentials  exceeded  -5  kV.  The 
discharge*  blew  off  more  than  30%  of  the  stored  charge  (Ref.  2)  and  the  pulse  widths 
of  the  discharge  currents  scaled  In  size  as  the  square  root  of  the  sample  area 
(Ref.  3).  The  discharges  brought  the  sample's  surface  potential  down  generally  less 
negative  than  -5  kV.  For  samples  comparable  In  area  and  thickness  to  the  samples 
that  we  tested,  the  pulse  amplitudes  were  much  greater  than  10  A  and  the  pul sv  widths 
equaled  or  exceeded  300  ns.  Thase  laboratory  data  are  In  apparent  disagreement  with 
satellite  data  that  Indicate  for  satellites  In  geosynchronous  altitude  environments, 
discharges  occur  when  surface  potentials  are  less  than  -2  kV  (Refs.  4  and  5). 
Furthermore,  data  from  ATS5  and  ATS6  Indicate  that  discharges  occur  In  bunches  and 
that  as  many  at  30  discharge  events  have  occurred  In  a  single  hour  (Raf.  6).  This 
latter  observation  Implies  that  discharges  on  satellites  my  not  cleanse  the  entire 
surface  of  stored  charge  and  perhaps  occur  as  small  local 1  red  events. 

Tills  paper  discusser  the  results  of  our  monenergetlc,  dual -energy  ard  spectrum- 
energy  electron  tests  performed  on  seven  dielectric  samples:  Teflon,  Optical  Solar 
Reflector  (0SR1,  Alphaquartz,  Kapton,  perforated  Kapton,  Mylar,  and  a  ‘‘nude"  Space 
Transportation  System  (STS)  tile.  Section  2  describes  the  experimental  apparatus  and 
electron  simulation  environment,  Section  3  discusses  the  general  trends  found  In  the 
data,  comparing  the  samples  with  each  other  with  emphasis  on  the  four  electron 
environments:  nwnoenergetlc  low-,  monoenergetlc  mid-,  dual-,  and  spectrum-energy 
electrons.  Finally,  In  Section  4  we  present  conclusions. 

*Wortc  sponsored  by  the  Air  Force  Weapons  Laboratory  and  NASA  Lewis  Research  Center 
under  Contract  No.  FZ9601-82-C-0015, 
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2.  EXPERIMENTAL  APPARATUS  MID  ELECTRON  SIMULATION  ENVIRONMENT 


i 


The  experiments  were  performed  In  a  1.3-m  long,  1 .3~m  diameter  vacuum  chamber, 
shown  In  Figure  I.  Thlrty-cm  diameter  test  samples  were  positioned  20  cm  off  the 
door  at  one  end  of  the  chamber,  and  two  Kimball  Physics  monoenergetl c-electron  guns 
pointed  toward  the  samples.  Pressures  In  the  test  chamber  during  experimental  tests 
measured  In  the  mid  10”7  torr  regime.  The  energy  of  one  of  the  two  guns  ranged  from 
1  to  100  keV,  whereas  the  range  of  the  other  gun  went  from  1  to  25  keV,  The  maximum 
current  output  of  the  two  guns  measured  400  »A.  For  sample  exposure  tests  the  beam 
current  density  measured  In  the  plane  of  the  test  sample  was  generally  held  between 
0.03  and  3  nA/cm2.  For  monoenergetlc  exposure  tests  the  beam  of  each  gun  was 
rantered  over  the  entire  sample  end  of  the  chamber  using  pairs  of  the  Helmholtz  colls 
driven  with  alternating  currents  at  frequencies  of  60  Hz  horizontal  and  103  Hz 
vertical.  The  rastered  beams  produced  a  time-averaged  flux  across  the  sample, 
uniform  to  within  ±15%  for  electrons  from  the  low-energy  gun  and  to  within  ±7%  for 
electrons  from  the  mid-energy  gun. 


2.1  SPECTRAL  SOURCE 

Our  electron  spectral  source  used  the  two  Kimball  Physics  electron  guns  and  two 
high-voltage  biased  disc-shaped  scattering  foils.  Each  scattering  foil  consisted  of 
several  thicknesses  of  aluminum  sheets,  ranging  In  size  from  0.04  mils  to  2.0  mils 
thick,  and  configured  as  wedges  to  a  pie,  Monoenergetlc  electrons  Incident  on  a  thin 
foil  lose  energy  and  Intensity  as  they  scatter  through  the  foil,  depending  on  the 
relative  thickness  of  each  aluminum  scatterer.  The  average  scattered  electron  energy 
<ES>  approximately  equals  the  average  energy  lost,  dF./'dXI^  ,  times  «  foil  thickness, 
AX,  and  subtracted  from  the  Incident  electron  energy  E0,  0 

<ES>  -  E0  -  di£/dxlE  .  AX  .  (1) 

The  average  scattered  electron  energy  has  nearly  a  linear  dependence  on  foil 
thickness  and  a  weak  functional  dependence  on  average  energy  lost  [i.e.,  dE/dX 
depends  weakly  on  E0  (Ref.  /)].  The  electron  transmission  Intensity  has  a  power 
series  dependence  on  the  foil  thickness  or  Incident  electron  energy.  The  thinner  the 
foil  or  the  higher  the  Incident  electron  energy,  then  the  greater  the  transmitted 
electron  Intensity. 

By  adding  a  high-voltage  bias,  V,  to  the  scattering  foil,  one  then  has  for  the 
average  scattered  electron  energy 

<ES>  -  (E0  +  V)  -  (dE/dX I  £  +y)  *  AX  -  V  (2) 

o 

or 

<ES>  -  E0  -  (dE/dX | E  +y)  .  AX  .  (3) 

o 

Any  electrons  Incident  on  the  scattering  foil  pick  up  an  energy,  V,  when  they  hit  the 
foil.  With  a  total  energy  of  E0  +  V  they  scatter  through  the  foil.  They  give  up  the 
added  potential  energy  V  (the  last  term  in  Eq.  2)  when  they  pass  close  to  any 
grounded  surface,  e.g.,  a  test  sample.  Compared  with  the  unbiased  foil,  the 
scattered  electron  energy  changes  by  a  small  amount  since  It  depends  weakly  on 
dE/dX | £  +y,  whereas  the  scattered  electron  Intensity  becomes  greatly  enhanced. 
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This  high-voltage  bias  technique  makes  an  Impact  when  one  tries  to  produce  1-  to 
19-kev  scattered  electrons  using  an  Incident  16-keV  electron  beam  and  when  trying  to 

Sroduce  12-  to  30-keV  scattered  electrons  using  an  Incident  B5-keY  electron  beam. 
Ithout  high-voltage  bias.  It  becomes  next  to  Impossible  to  produce  a  flux  o? 
scattered  1-  to  5-keV  electrons  with  an  Incident  electron  beam  of  10  keV  or  above, 
due#  to  the  attenuation  of  the  Incident  beam  In  the  toll.  We  enhanced  the  flux  by  an 
order  of  magnitude  when  exposing  a  0. 22-mil  foil  with  16-keY  electrons  (comparing 
results  with  and  without  a  15-kV  foil  bias). 

Figure  2  shows  a  graph  of  Spectrum  1,  dN/riE  *>  const.,  that  was  produced  using  the 
high-voltage  biased  foil  technique.  The  multiple  curves  at  the  bottom  of  the  graph 
are  the  scattered  electron  spectra  produced  from  each  given  foil  tHidkness  and 
area.  There  were  16-keV  electrons  Incident  on  the  0*22-mil,  0. 16-mil,  0,t2-»11,  and 
0.05-wll  foils  (all  with  a  +!5-kV  bias).  The  foils  formed  wedges  of  a  pie  through 
which  the  beam  scattered.  The  guns  generated  30  uA  of  16-keV  electrons  and  40  i»A  of 
85-keV  electrons,  and  the  foils  scattered  the  electrons  to  a  spectrum  energy  of  1  to 
86  keV  and  a  current,  of  3  uA.  The  resultant  spectrum  was  measured  using  art 
electromagnetic  electron  spectrometer  and  is  indicated  by  a  dashed  line  on  the 
graph.  We  generated  Spectrum  2,  dH/dE  «  E"1,  and  Spectrum  3,  dN/dE  *  E"2,  using  this 
technique  with  different  foil  combinations. 

Source  electron  diagnostics  consisted  of  an  electromagnetic  spectrometer  and  an 
array  of  Faraday  cups.  .The  Faraday  cups  measured  4  cm  deep  and  had  an  entrance 
aperture  measuring  1.2  cm* .  The  Faraday  cups  were  positioned  at  eight  points  around 
tne  scmple.  If  viewed  from  the  gun  end  of  the  chamber  the  cups  were  located  at. 
12  o'clock,  3  o'clock,  6  o'clock,  and  9  o'clock.  At  each  of  the  four  dialed 
positions,  one  cup  rested  close  to  the  sample  and  another  near  the  edge  of  the  back 
blowoff  plate  bee  cross -section!  view  In  Fig.  1).  The  spectrometer  was  used  to 
measure  the  electron  energy  distribution  during  spectral  tests.  Sample  charge 
diagnostics  Included  an  electrostatic  voltmeter  (ESV;  details  at  which  may  be  found 
in  Ref.  2).  Discharge  diagnostics  consisted  of  a  back  blowoff  plate,  situated 
between  the  samples  and  the  chamber  door,  a  blowoff  liner  spanning  the  distance 
between  the  samples  and  the  electron  guns,  and  a  substrata  disc  clamped  to  the 
dielectric  samples.  Figure  1  shows  a  side  view  of  the  diagnostics  and  Figure  3  shows 
a  conceptual  view.  The  olowoff  liner,  back  plate,  and  substrate  were  electrically 
connected  to  ground  using  numerous  resistors  connected  in  parallel  to  form  a  low- 
inductance  1-n  path  to  ground  (twenty  ZO-G;  resistors  for  tiw  blowoff  liner,  eighty- 
two  82-q  resistors  for  the  back  blowoff  plate  and  twelve  12-0  resistors  for  the 
substrate).  Electrons  that  blew  off  the  sample  produced  negative  current  signals  or 
the  two  blowoff  diagnostics  arri  produced  a  positive  signal  on  the  substrate. 

The  signals  produced  on  the  substrate  and  liners  during  a  discharge  event  were 
monitored  using  Tektronix  7903  oscilloscopes  with  7A19,  50-n  Impedance  plug-ins. 
Data  channels  were  time-tied,  All  the  scopes  were  triggered  simultaneously  using  a 
pulse  sent  from  a  fiducial  generator  and  fan-out  box.  The  fiducial  generator  was 
triggered  only  when  discharge  currents,  as  measured  on  the  substrate,  were  greater 
than  a  preset  value  (generally  selected  between  0.02  and  0.5  A).  A  sample  of  a  time- 
tied  discharge  event  Is  shown  in  Figure  4,  All  graphs  presented  in  this  paper  key  on 
the  substrate  current  trace. 


3.  GENERAL  TRENDS  IN  THE  DATA 

This  section  discusses  the  charge  and  discharge  properties  that  the  dielectric 
samples  as  a  unit  exhibited  In  the  four  types  of  electron  tests  -  monoenergetlc  low, 
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monoenergetlc  mid,  dual,  and  spectruw,  It  compares  the  results  obtained  In  each  test 
In  terms  of  sample  surface  potential,  discharge  amplitude,  and  time  rate  of  change  of 
a  discharge.  The  samples  consisted  of  5  sheet  dielectric  samples  -  Teflon  (5  mil); 
OSR  (8  mil),  Kapton  (2  mil),  perforated  Kapton  (5  mil),  and  Mylar  (2  mil);  and 
2  porous  dielectric  samples  -  Alphaquartz  and  a  "nude"  STS  (Space  Transportation 
Systems)  tile.  The  OSR  sample  was  formed  from  an  array  of  20  cells  and  constituted  a 
segmented  dielectric  sample  and  the  perforated  Kapton  sample  had  a  repeating  hole 
pattern  In  the  fomt  of  squares  spaced  every  0.9  cm.  The  “nude"  STS  tile  had  no 
thermal  paint  and  since  electrons  of  energy  100  keV  or  less  cannot  penetrate  the 
thermal  paint  that  exists  on  actual  shuttle  tile,  the  results  should  not  be 
extrapolated  to  anticipated  space  shuttle  environments. 


3.1  LOW-ENERGY  ELECTRON  TEST  RESULTS 

Several  Interesting  results  were  noted  when  exposing  the  seven  samples  to  low- 
energy  electrons.  First,  none  of  the  samples  discharged  when  exposed  to  electrons  of 
energy  8  keV  or  less.  Second,  (die  nonporous  samples  exhibited  two  distinct  types  of 
discharges:  (1)  small  discharges  with  I  <  5  A  and  tpyuu  <  20  ns  accompanied  by  no 
change  fn  the  sample  smface  potential,  and  (2)  large  discharges  with  I  >>  10  A  and 
TFWHM  >  300  ns  accompanied  by  a  change  In  the  samples's  surface  potential  equal  to  or 
exceeding  half  the  Initial  potential .  Third,  the  porous  samples  exhibited  only  small 
discharges  I  <  5  A  and  <  50  ns.  Fourth,  the  porous  samples  discharged  with 

surface  potentials  at  or  less  than  -1.1  kV  and  the  nonporous  samples  had  to  reach 
surface  potentials  exceeding  -5.5  kV  prior  to  discharge.  Finally,  all  samples 
displayed  a  discharge  equal  to  their  worst-case  discharge  current  when  exposed  to  25- 
keV  electrons.  Table  1  summarizes  the  worst-case  discharge  characteristics  of  the 
seven  samples.  Except  for  the  Kapton  sample  the  worst-case  discharge  amplitudes 
agree  with  results  found  In  previous  studies.  The  Kapton  sample  produced  Its  few 
discharges  only  when  exposed  to  25-keV  electrons  at  16  nA/cnr;  otherwise,  exposed  to 
an  electron  flux  of  1  nA/cmz  the  Kapton  sample  produced  small  discharges  I  <  5  A. 
All  other  samples  could  produce  their  worst-case  discharges  when  exposed  to  electrons 
at  fluxes  of  1  nA/cmz  or  less. 


As  noted  in  the  table,  the  perforated  Kapton  sample  produced  a  larger  discharge 
than  the  nonperforated  Kapton  sample.  This  result  should  be  alarming;  especially 
since  the  perforated  Kapton  sample  was  developed  to  ward  off  discharges  better  than 
the  nonperforated  Kapton  sample.  Moreover,  Mulenberg  and  Robinson  noted  this 
discharge  characteristic  several  years  ago  (Ref.  8).  (These  data  reaffirm  their 
findings .) 

The  Kapton  samples  displayed  a  general  lack  of  ability  to  discharge.  Published 
literature  pertaining  to  Kapton  testing  In  the  laboratory  misleads  one  into  believing 
that  all  Kapton  samples  discharge  "[Verdin  1980  (Ref.  9),  Balmain  1980  (Ref.  10), 
Balmain  1979  (Ref.  3),  Adamo  1980  (Ref.  11)].  Every  article  speaks  of  large 
discharges  observed  on  Kapton  samples  and  only  one  article  [Treadaway,  et  al .,  1977 
(Ref.  2)]  mentions  any  difficulty  In  making  a  sample  discharge.  Balmain  (Ref.  12) 
confirms  the  misrepresentation  of  the  discharging  ability  of  Kapton  found  In  the 
literature.  Balmain  has  acquired  several  samples  of  Kapton  that  refuse  to 
discharge.  Stevens  (Ref.  13)  has  also  come  across  numerous  Kapton  samples  that  will 
not  discharge.  In  fact.  In  a  recent  experiment  performed  by  Leung  and  PI  amp 
(Ref.  14),  after  they  failed  to  make  their  sample  discharge  by  electron  exposure 
alone,  Leung  enlisted  the  help  of  Stevens  who  In  turn  suggested  that  a  hole  be 
punched  through  the  sample  to  help  It  to  produce  discharges  (Ref.  15).  The 
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experience  of  these  researchers  shows  that  there  exist  batches  of  Kapton  that  would 
make  excellent  spacecraft  insulators  because  of  their  ability  to  ward  off  discharges. 

3.2  MID-ENERGY  ELECTRON  TEST  RESULTS 

The  general  response  of  the  samples  was  fairly  insensitive  to  the  energy  of 
electrons,  provided  the  electrons  did  not  penetrate  entirely  through  the  sample 
(electrons  greater  than  80  keV  could  penetrate  the  2-mll  Kapton  a u£  2-mil  Mylar 
samples).  Figures  5,  6,  7,  and  8  sunwarlze  the  discharge  amplitude  (two  figures),  I, 
rate  of  rise  of  the  pulse,  dl/dt,  and  surface  potential  prior  to  discharge,  Vj,  all 
as  a  function  of  Incident-electron  energy. 

Pulse  amplitudes  on  the  OSR,  Mylar,  Alphaquartz,  and  STS  tile  show  no  dependence 
on  Incident-electron  energy.  Despite  the  fact  that  100-keV  electrons  (50  keV  for 
Mylar)  bury  themselves  much  deeper  than  16-keV  electrons,  the  samples  produced  a 
similar  discharge  at  both  extremes  in  energy.  Even  though  the  perforated  Kapton  and 
Teflon  samples  show  a  marked  decrease  In  discharge  amplitude  at  80  keV  and  100  keV, 
they  too  show  little  effect  on  pulse  amplitude  or  shape  from  15  keV  to  75  keV. despite 
the  fact  that  for  Kapton  the  practical  .range  of  25-keV  electrons  Is  8  x  10”*  cm  and 
for  75-keV  electrons  It  Is  5.4  x  10"3  cm  (6  x  10"*  cm  and  4.4  x  10"3  cm  for 
Teflon) (Ref.  7). 

Figure  7  shows  that  the  rate  of  rise  of  the  pulse,  dl/dt,  Is  certainly 
Independent  of  energy,  and  appears  to  be  Independent  of  sample.  All  samples  except 
the  Alphaquartz  sample  had  dl/dt  «  5  x  108  A/s.  The  Alphaquartz  sample  had  dl/dt  -  5 
x  10®  A/s.  Large  discharges  and  small  discharges  had  similar  dl/dt.  Furthermore, 
visual  observations  made  of  the  discharges  on  Teflon  Indicate  that  a  bright  flash 
from  a  localized  spot  can  be  associated  with  both  types  of  discharges  (where  large 
discharges  have  a  dimmer  and  very  broad  flash  that  covers  the  entire  sample  together 
with  the  bright  localized  arc).  These  observations  may  indicate  that  (1)  a  similar 
discharge  process  Initiates  both  small  and  large  discharges,  and  (2)  the  discharge 
process  may  be  the  same  sample  by  sample. 

Figure  8  shows  the  sample  surface  potential  prior  to  discharge.  Note  that  the 
predischarge  surface  potential  remains  the  same  or  slightly  increases  for  Increasing 
electron  energy.  One  would  think  that  if  the  bulk'll ectrlc  field  determines  the 
potential  at  breakdown,  then  the  closer  the  charge  Is  burled  to  a  grounded  substrate, 
the  lower  the  potential  required  to  equal  a  given  field  and  hence  Initiate  a 
discharge.  The  data  disagree  with  this  simple  model.  Despite  the  difference  between 
the  practical  range  of  16-keY,  electrons  (2.4  x  10"*  em)  and  100-keV  electrons  (6.4 
x  10"3  cm)  on  the  2.16  x  10“z  cm  thick  OSR  sample,  the  "prot^ntlal  at  discharge  went 
from  -6.5  kV  for  16-keV  exposure  to  -12  kV  at  100-keV  exposurdHInstead  of  something 
less  negative  than  -6.5  kV) .  As  a  further  note,  the  sheet  dielectric  materials  of 
Mylar,  Teflon,  and  Kapton  had  breakdown  potentials  close  to  106  V/cm  breakdown 
threshold  electric  field  times  the  sample's  thickness.  The  perforated  Kapton  and  OSR 
sample  produced  discharges  at  potentials  approximately  one  quarter  of  the  bulk  field 
threshold  times  sample  thickness.  Finally,  the  porous  samples  displayed  discharges 
at  very  low  potentials  compared  to  their  thickness  and  any  supposed  net  threshold 
field. 

3.3  COMBINED  LON-  AND  MID-ENERGY  ELECTRON  TEST  RESULTS 

Figures  6,  7,  and  8  also  summarize  data  obtained  from  combined  energy  electron 
exposure  tests  (see  left-hand  portions  of  the  graphs). 
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The  pulse  amplitudes  observed  In  the  combined  energy  tests  are  smaller  than  the 
pulses  found  In  monoenergetlc  tests.  In  fact,  the  small  discharges,  I  <  5  A, 
observed  In  the  monoenergetlc  tests  appear  Identical  to  most  discharges  seen  In  the 
combined  energy  tests.  These  discharges  have  I  <  5  A  and  tp^M  <  20  ns. 

Despite  the  small  pulse  amplitude.  Figure  7  shows  that  dl/dt  for  the  combined- 
energy  produced  discharges  remains  near  10®  A/s.  Moreover,  the  discharges  observed 
In  this  electron  environment  occurred  when  the  samples  had  a  much  reduced  surface 
potential  compared  to  monoenergetlc  tests.  The  Teflon,  perforated  Kapton  and  STS 
tile  produced  discharges  In  all  combined-energy  electron  environments,  even  when 
I  their  surface  potentials  were  as  low  as  -1  kV  (0  kV  for  the  STS  tile) .  The  Mylar  and 
i  OSR  samples  produced  discharges  when  surface  potentials  were  less  negative  than 
-5  kV,  but  required  a  structured  potential  surface  with  a  variation  of  1  kV  or 
greater  across  the  plane  of  the  sample.  The  Teflon  and  perforated  Kapton  samples  did 
not  require  any  potential  structuring  In  order  to  produce  discharges.  The  Kapton  and 
Alphaquartz  samples  did  not  discharge  In  a  combined-energy  electron  environment  when 
their  surface  potential  was  kept  lass  negative  than  -5  kV. 

A  simple  qualitative  model  can  explain  the  reduced  potentials  at  discharge  for 
combined  low-  and  mid-energy  electron  exposures  compared  to  the  discharge  potentials 
with  mid-energy  electrons  alone.  Leung,  et  al .  (Refs.  16  and  17)  have  demonstrated 
experimentally  that  the  surface  potential  of  a  dielectric  sample  can  be  varied  over  a 
considerable  range  by  irradiating  with  electrons  of  two  energies.  Moreover,  they 
showed  that  the  surface  potential  1$  a  strong  function  of  thri  secondary  electron- 
emission  properties  of  the  test  dielectric  due  to  the  ’low-energy  Incident 
electrons.  Where  only  mid-energy  electrons  are  used,  the  charge  Is  stopped  at  some 
average  depth,  a  fraction  of  Its  practical  range,  Rp,  beneath  the  surface  of  the 
sample.  An  electric  field,  established  between  theK burled  charge  and  the  sample 
substrate.  Increases  as  more  charge  Is  deposited.  If  the  breakdown  threshold 
electric  field  Is  exceeded  at  a  critical  point  In  the  sample  (not  necessarily  the 
bulk  of  the  materl al ) ,  then  a  discharge  will  occur.  The  surface  potential  of  the 
sample  at  such  an  Instance  reflects  the  electric  field  integrated  over  a  line  path 
from  the  substrate  to  the  charge  layer. 

When  low-energy  electrons  are  combined  with  the  mid-energy  electrons,  the 
trajectories  of  the  mid -energy  electrons  will  not  be  affected  significantly  so  they 
will  again  be  deposited  at  a  depth  R_  Into  the  sample*  However,  as  the  surface 
potential  Increases  due  to  the  trapped  electrons,  the  low-energy  electrons  will  reach 
the  second  crossover  for  secondary  electron  emission  from  the  surface.  Thereafter, 
ihe  low-energy  electrons  will  emit  more  than  one  electron  per  incident  electron  and 
the  surface  of  the  sample  will  become  positively  charged.  The  electric  field  Inside 
the  dielectric  will  then  consist  of  a  positive  field  from  the  substrate  to  the 
trapped  mid-energy  electrons  and  a  negative  field  from  those  trapped  electrons  to  the 
sample  surface.  The  surface  potential  will  then  be  the  line  Integral  of  these  two 
fields.  A  discharge  could  occur  If  either  of  the  two  fields  exceeds  the  threshold 
field  at  some  critical  point. 


3.4  SPECTRAL- ENERGY  TEST  RESULTS 

Figures  6,  7,  and  8  also  summarize  spectral  test  discharge  characteristics  of  the 
four  samples  tested  (Teflon,  OSR,  Alphaquartz,  and  Kapton),  this  time  on  the  right- 
hand  side  of  the  graph.  Several  Important  trends  are  noted  In  the  figures. 
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a.  The  worst-case  discharges  observed  In  the  spectral  tests,  particularly  the 
dN/dE  *  const.  (Spectrum  1),  equals  the  worst-case  discharges  seen  In  monoenergetlc 
tests  * 


b.  The  0$R  and  Tefon  samples  produced  predominantly  two  types  of  discharges: 
large  discharges  with  I  »  10  A  and  rP#ii  >  300  ns,  and  small  discharges  with  I  <  5  A 
and  vpyxM  <  20  ns. 

c.  A  rarely  seen  arid-size  discharge  was  observed  and  after  close  scrutiny  of  the 
monoenergetlc  test  results  we  have  concluded  two  things:  (1)  the  mid-size  discharges 
appeared  In  monoenergetlc  tests  as  well,  and  (2)  the  arid-size  discharge  Is 
accompanied  by  a  structured  surface  potential  before  discharge.  For  the  Teflon 
sample,  the  mid-size  discharge  has  a  arid-size  amplitude  5  A  <  1  <  100  A  and  arid-size 
pulse  width  20  ns  <  rpuu^  <  300  ns.  Figure;  9  and  10  summarize  these  data  for  the 
Teflon  sample.  Note  Wat  most  discharges  on  Teflon  are  large  or  small,  but  that 
there  are  only  a  few  discharges  with  pulse  amplitudes  between  5  and  100  A. 

It  Is  also  Interesting  to  note  that  Balmain's  discharge  area  scaling  laws 
(Ref.  18)  may  be  applied  here  Iil  order  to  infer  the  area  of  a  discharge  site. 
Balmain  found  three  laws:  1  «  A1'2,  Tp^  «  A1'*,  and  l/Tpum  *  const,  (where  A  was 
the  nret  of  the  sample  and  In  tills  case  represents  the  area  of  the  discharge  site). 
Assuming  that  the  pulse  duration  Is  determined  by  the  propagation  time  of  an  arc 
across  the  sample,  1.e.,  A  •  »(tV)z  where  V  ■  TT/i  Is  the  discharge  propagation 
velocity,  Balmain  found  ¥  «  3  x  IQ7  cm/s.  Balmain's  measured  value  for  I/t  was  2.8 
x  10B  A/s.  from  the  dashed  line  In  Figure  10,  values  for  I/t  are  seen  to  span  the 
range  7  x  107  to  7  x  108  A/s.  This  yields  an  ayerage  propagation  speed  of  3.5  x  107 
cm/s.  Thus,  a  5-ns  wide  pulse  would  have  an  Implied  discharge  site  area  of 

0.1  cm2.  The  rarely  observed  mid-size  discharges  would  have  discharge  areas  covering 
up  to  one  half  the  sample's  area,  and  the  large  discharge  pulses,  with 
-  300  ns,  appear  to  cover  nearly  the  entire  surface  area. 

d.  The  substorm-like  spectral  tests.  Spectrum  3  tests,  produced  discharges  only 
on  the  Teflon  sample.  However,  It  kept  all  samples  from  charging  more  negatively 
than  -5  kV.  Thus,  the  effect  of  secondary  electron  emission  Is  Important  In 
determining  the  sample's  potential. 

e.  The  Alphaquartz  and  I'apton  samples  exhibited  the  charge  and  discharge 
characteristics  that  they  exhibited  In  all  their  monoenergetlc  tests.  Both  samples 
charged  to  only  a  few  kV  when  exposed  to  electrons  at  fluxes  less  than  1  nA/crr,  and 
both  samples  warded  off  any  large  discharges.  If  a  material  selection  were  based  on 
these  tests  alone,  the  Kapton  and  Alphaquartz  samples  would  make  excellent  spacecraft 
charge  and  discharge  control  materials. 


4.  CONCLUSIONS 

a.  For  worst-case  testing  of  satellite  dielectrics,  monoenergetlc  25-keV 
electron  beams  should  be  sufficient  to  bound  the  amplitude  and  pulse  width  of 
discharges  anticipated  in  both  enhanced  and  natural  space  environments  without 
significant  over  or  understress. 

b.  Dual-energy  and  spectral -energy  electron  environments  can  generate  sample 
discharges  while  maintaining  low  surface  potentials.  Low-energy  electrons  can  cause 
enough  secondary  emission  to  keep  the  surface  potential  low  while  the  mid-energy 
electrons  deposit  enough  charge  to  produce  discharges.  This  result  should  help 
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explain  why  and  how  low  surface  potentials  can  be  Measured  at  the  ties  of  discharge 
on  operational  satellites. 

c.  Two  distinct  types  of  discharges  are  noted:  Mull  discharges  with  swell 
aMplltude  and  pulse  width  (I  <  5  A  and  t  <  20  ns),  and  large  discharges  with  large 
pulse  widths  U  »  10  A  and  t  >  300  ns).  The  large  discharges  have  been  well 
characterized  In  previous  studies.  These  discharges  are  accoMpanled  with  large 
changes  In  surface  potential  and  act  to  cleanse  the  sanple  of  stored  charge.  The 
swill  discharges  have  gone  relatively  unwentloned  In  previous  work  and  appear  to  not 
change  the  saMple's  surface  potential  nor  release  Much  of  the  stored  charge  (Much 
less  than  0.1X).  The  swell  discharges  nay  give  way  to  the  large  discharges  when  the 
appropriate  envlronwental  conditions  ere  net  (nawely  surface  potentials  exceeding 
negative  5  kV) . 

d.  For  the  thin  dielectric  saaples  that  were  tested,  the  Alphaquartz  and 
nonperforated  Kapton  staples  appear  to  be  best  suited  to  ward  off  large  discharges. 
The  staples  produced  only  asall  narrow  discharges  when  exposed  to  realistic  fluxes 
(less  than  0.3  nA/cw2) .  A  well  doc  wanted  data  bast  found  In  the  literature  supports 
our  observation  that  Alphquartz  does  not  produce  apy  charge-cl tansing  large 
discharges.  The  open  literature,  however,  reports  that  Kapton  produces  larae 
discharges.  Under  reexeal nation,  though.  Many  researchers  confine  that  It  is 
soMetlMes  Impossible  to  produce  large  discharges  on  selected  Kapton  saMples. 
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Table  1.  Characteristics  of  worst -case  discharges 
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Figure  8.  Conpllatlon  of  all  date:  potential  of  tangle  prior  to  discharge 
vs.  electron  energy  (sum  syritol  legend  as  In  Figure  5) 
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NASS  SPECTRA  OF  NEUTRAL  PARTICLES  RELEASED  DURING  ELECTRICAL 
BREAKDOWN  OF  THIN  POLVNCR  FILNS* 


8.  R.  F.  Kendal  1 

The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


Little  it  known  of  the  composition  of  the  neutral  particle  flux  released 
during  the  electrical  breakdown  of  polymer  films.  Haas  spectrometric  analysis 
of  the  particles  is  unusually  difficult  because  of  the  transient  nature  of  the 
event,  the  unpredictability  of  its  exact  position  and  timing,  and  the  very  large 
amount  of  information  generated  in  a  period  as  short  as  one  microsecond.  A 
special  type  of  time-of-flight  mass  spectrometer  triggered  from  the  breakdown 
event  has  been  developed  to  study  this  problem.  Charge  is  fed  onto  a  metal- 
backed  polymer  surface  by  a  movable  smooth  platinum  contact.  A  slowly  Increasing 
potential  from  a  high-impedance  source  is  applied  to  the  contact  until  break¬ 
down  occurs.  The  breakdown  characteristics  can  be  made  similar  to  those  pro¬ 
duced  by  an  electron  beam  charging  system  operating  at  similar  potentials.  With 
this  apparatus  it  has  been  shown  thut  intense  instantaneous  fluxes  of  neutral 
particles  are  released  from  the  sites  of  breakdown  events.  For  Teflon  FKP  films 
of  50  and  75  microna  thickness  tha  material  rslaaaed  conaiata  almost  entirely 
of  fluorocarbon  fragments,  some  of  them  having  masses  greeter  then  350  amu 
(atomic  mass  units),  whllt  tha  mattrlal  released  from  e  50  micron  Kaptou  film 
consists  mainly  of  light  hydrocarbon*  with  masses  at  or  below  44  amu,  with 
additional  carbon  monoxida  and  carbon  dloxlds.  The  apparatus  is  being  modified 
to  allow  electron  beam  charging  of  the  samples. 


INTRODUCTION 


Because  of  the  acarcity  of  data  on  the  composition  of  the  neutral  and  ton 
fluxas  from  dielectric  breakdown  events  on  spacecraft,  mass  spectrometric  anal¬ 
yses  of  these  fluxes  are  particularly  important. 

Hess  anelysia  of  partlclss  from  an  alactrical  breakdown  involves  a  partic¬ 
ularly  difficult  set  of  constraints.  The  event  occurs  essentially  at  a  point 
in  apace  and  at  an  instant  in  time.  The  exact  position  and  timing  of  tha  event 
are  not  known  in  advenes.  The  event  produces  a  swarm  of  neutral  molecules, 
molecular  clusters  and  ions  of  different  masses  which  radiate  from  the  breakdown 
site  over  a  wide  ranga  of  speeds  and  dirsetione.  At  a  distance  greater  then 
a  faw  cm  from  tha  brsakdown  site  the  particle  number  density  is  likely  to  be 
quite  low  and  falling  rapidly  because  of  both  speed  variations  and  angular 
dispersion.  The  expanding  gas  and  ion  burst  will  pass  any  given  point  in  a 
time  much  shorter  than  the  time  taken  for  any  conventional  mass  spectrometer 
to  scan  once  through  its  mass  range. 


^Supported  by  NASA  Grant  N3G-3301. 
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The  difficult  experimental  conditions  listed  above  make  it  eeaantial  to  uae 
a  mass  spectrometer  in  which  a  Maximum  amount  of  output  data  can  be  obtained  in 
the  ahorteat  possible  time.  This  effectively  limits  the  choice  of  spectrometer 
types  to  those  in  which  all  of  the  ions  leaving  the  ion  source  become  part  of  a 
recorded  output  signal.  It  was  decided  that  a  specially  designed  tlme-of-flight 
mass  spectrometer  offered  the  most  cost-effective  solution. 


MASS  SPECTROMETER 

The  tlme-of-flight  mass  spectrometsr  and  the  vacuum  chumber  used  for  Its 
devslopmant  are  shown  in  Pigura  1.  The  pulsed  two-field  Ion  source  (ref.  1)  is 
on  tha  lsft.  In  "aing  molecules  are  ionized  by  an  electron  beam  inside  the  Ion 
sourco  and  tha  t  suiting  ions  are  accelerated  in  approximately  monoanargatic 
bunches  into  the  flight  tube.  The  ions  therefore  reach  the  lou  detector  in 
ascending  order  of  mass,  according  to  the  formula 

t-s(m /loV)1^2 


where  t  is  tha  flight  time  through  the  flight  tube,  s  is  the  length  of  the 
flight  tube,  m  is  the  ion  mass,  e  is  tha  ion  charge,  and  V  Is  the  potential 
difference  through  which  the  ions  fall  inside  the  source.  With  a  115cm  flight 
tube  end  300V  accelerating  potential,  the  flight  time  of  an  ion  of  mass  100  amu 
is  approximately  47paec. 

A  segmented  cylindrical  lane  focuses  the  ion  beam  end  centers  it  on  tha  in¬ 
put  of  the  ion  detector.  The  flight  tube  Is  operated  at  ground  potential,  rather 
than  at  high  potentials  as  in  moat  tlme-of-flight  mess  spectrometers,  in  order 
to  minliulze  electrostatic  interactions  with  the  asmple  charging  apparatus.  An 
electron  multiplier  ion  detector  is  used  for  high  sensitivity  and  fast  response. 

It  follows  from  tha  equation  for  the  flight  time  of  an  ion  that  the  elec¬ 
trical  signals  leaving  the  Ion  detector  represent  a  series  of  complete  mass 
spsetra,  each  one  having  the  corresponding  source  pulse  at  its  t*0  point.  Any 
number  of  successive  spsetra  can  bs  displayed,  from  a  single  spectrum  up  to  as 
many  as  100  spectra  per  millisecond.  A  typical  mass  spectrum  of  residual  gases 
in  the  vacuum  chamber  la  shown  in  Figure  2 •  Special  techniques  are  needed  for 
operation  at  repetition  Intervals  faster  than  the  ion  flight  times  (ref.  2)  and 
for  displaying  the  rapidly-changing  spectra  (refs.  3,  4). 

This  mess  spectrometer  was  originally  intended  for  remote  operation  Inside 
a  N.A.S.A.  sp7.ee  emulation  chamber  which  already  contained  the  necessary  elec¬ 
tron  baam  charging  and  sample  monitoring  equipment.  These  plans  had  to  be 
changed  when  it  was  discovered  that  the  operational  lifetime  of  the  sensitive 
electron  multiplier  Ion  detector  was  unacceptably  short  in  this  chamber,  apparently 
bscauaa  of  oil  contamination  traceable  to  the  early  history  of  its  diffusion- 
pumped  vacuum  system. 

A  partial  redesign  was  made  to  allow  electrical  breakdown  experiments  to  be 
dona  in  the  turbo-  molecular-pumped  chamber  which  had  baen  used  for  the  original 
development  of  the  mass  spectrometer  (fig.  3).  This  solved  the  oil  contamination 
problem  but  Imposed  other  difficulties  because  of  the  small  volume  and  pumping 


capacity.  The  first  experiments  have  been  done  with  a  simple  contact  device  feed¬ 
ing  charge  onto  the  insulating  surface.  At  the  same  time  a  miniaturized  electron 
beam  charging  system  is  being  developed. 


DIRECT-CONTACT  EXPERIMENTS 

Figure  4  shows  the  charging  apparatus.  Electrons  are  fed  onto  the  insulating 
surfaces  from  a  smooth  platinum  contact.  A  slowly  increasing  negative  potential 
from  a  high- impede nee,  low-capacitance  source  is  applied  to  the  contact  until 
breakdown  occurs.  The  sample  is  held  in  place  on  a  perforated,  rotatable  9cm 
disc  by  a  circumferential  retaining  ring. 

The  discharge  current  waveforms,  peak  currents,  and  surface  damage  character¬ 
istics  obtained  with  this  apparatus  can  be  made  similar  to  those  produced  by  a 
high-voltage  electron  beam  charging  system  by  choosing  a  suitable  length  (about 
45  cm)  of  coaxial  cable  as  an  energy  storage  line.  A  useful  feature  is  that,  by 
progressively  rotating  the  sample  beneath  the  contact,  the  observed  gas  bursts  can 
be  correlated  with  actual  discharge  nites  left  behind  on  the  sample,  which  can 
then  be  removed  and  observed  under  an  optical  or  electron  microscope.  Discharges 
normally  occur  within  about  4mm  of  the  contact.  Few  occur  directly  beneath  the 
contact.  Breakdown  voltages  are  similar  to  those  obtained  with  a  monoenergetic 
electron  beam  charging  system. 

The  samples  tested  in  the  direct-contact  experiments  were  Teflon  FEP  and 
Kapton  H  films  of  50  and  75  micron  thicknesses.  They  were  metallized  on  one 
side  with  silver  overlaid  by  an  Inconel  protective  coating.  No  adhesive  backing 
was  used. 

The  first  teats  with  Teflon  samples  showed  that  an  intense  burst  of  neutral 
fragments  was  being  released  from  each  discharge.  A  large  number  of  peaks  repre¬ 
senting:  Teflon  fragments  of  the  form  C  F  could  be  seen  in  each  mass  spectrum. 

x  y 

The  variation  with  time  of  the  number  density  of  these  Teflon  fragments  was 
obtained  by  using  the  mass  peak  amplitude  signals  to  intensify  a  cathode-ray 
oscilloscope  trace,  producing  an  array  of  dots.  By  deflecting  this  display  down¬ 
wards,  a  semiquantltative  indication  of  the  various  changes  in  number  densities 
was  obtained.  Such  a  display  is  shown  in  Figure  5  with  the  major  peaks  identi¬ 
fied.  A  background  spectrum  is  included  for  comparison. 

Close  examination  of  these  and  other  similar  records  showed  that  release  of 
neutral  particles  often  began  just  before  breakdown  with  production  of  hydrocarbons, 
followed  by  a  burst  of  fluorocarbons  during  the  actual  breakdown.  Hydrocarbons  are 
visible  in  the  lower  left  photograph  in  Figure  5.  Both  hydrocarbon  and  fluorocarbon 
concentrations  then  fall  with  a  time  constant  of  about  120  msec,  determined  by  the 
volume  and  pumping  speed  of  the  vacuum  system  The  hydrocarbon  peaks  are  probably 
caurnd  by  adsorbed  surface  impurities.  Further  work  is  required  to  establish  their 
origins. 

The  mo^t  intense  fluorocarbon  peak  corresponds  to  but  ions  up  to  und 

beyond  C^F^  are  present.  Switching  off  the  ionizing  electron  beam  in  the  ma'  i 
spectrometer  ion  source  causes  these  peaks  to  disappear,  showing  that  they  are 
ionization  products  of  even  larger  neutral  fragments  and  not  ions  released  directly 


from  the  dlccharge.  Far  more  of  these  heavy  ions  were  observed  than  are  present 
in  the  mass  spectrum  of  the  heaviest  fluorocarbons  for  which  published  data  are 
available  (CiF.,),  suggesting  that  very  large  neutral  fragments,  of  oas3  much 
greater  than  §50amu,  were  leaving  the  Teflon  surface  during  the.  discharge. 

After  completion  of  the  Teflon  tests,  a  50  micron  Kapton  film  with  metal 
backing  was  installed  in  the  apparatus  and  a  new  series  of  breakdown  measurements 
was  begun.  Results  were  very  different.  The  kapton  produced  only  light  frag¬ 
ments,  giving  rise  to  mass  spectra  containing  mainly  masses  44,28,  and  15,  as 
shown  in  the  Intensity-modulated  spectrum  of  Figure  6.  It  appears  that  the  mass 
44  peak  represents  C0£  and  mass  28  is  CO  and  C-H^  ,  and  mass  15  is  CHt  . 

It  should  be  noted  that  Kapton  contains  a  substantial  amount  of  oxygen. 

In  general  breakdown  voltages  were  higher  for  a  given  thickness  of  Kapton 
than  with  Teflon. 

Figure  7  shows  the  chemical  structure  of  Teflon  and  Kapton.  The  origins  of 
many  of  the  observed  fragment  ions  (formed  in  the  mass  spectrometer  ion  source 
by  electron  bombardment  of  even  larger  polymer  fragments  released  by  the  dis¬ 
charge)  are  obvious. 


HIGH  SPEED  RECORDING 

H'  resolution  mass  spectra  are  generated  at  such  a  rate  in  this  experiment 
(up  to  iiT/aec.)  that  even  modern  digital  recorders  are  barely  adequate  for 
following  complex  events.  Photographic  techniques  have  been  used  almost  exclu¬ 
sively  to  date.  Examples  are  the  lntenslty-modurated  displays  of  Figures  5  and 
6.  When  quantitative  measurements  of  peak  heights  are  desired  an  offset  raster 
display  is  used  as  in  Figures  8  and  9.  Here  successive  conventional  mass  spectra 
(In  this  case  16  per  group)  are  superimposed  upon  one  another,  after  which  the 
oscilloscope  trace  moves  upwards  and  to  the  right  for  display  of  the  next  group. 
Figure  8  shows  the  background  gases  in  the  absence  of  breakdown,  and  Figure  9 
shows  the  burst  of  light  gases  and  polymer  fragments  from  the  breakdown  of  a  50 
micron  Kapton  film. 


ADDITIONAL  RESULTS 

Items  (1)  -  (3)  of  Figure  10  summarize  the  results  of  the  experiments 
described  above.  The  figure  also  shows  five  additional  phenomena  which  have  been 
identified  and  studied. 

Secondary  discharges  were  seen  on  several  occasions.  Electrical  breakdowns 
were  triggered  at  distances  up  to  15cm  from  the  site  of  a  Teflon  film  breakdown. 
In  some  cases  the  metallic  electrodes  between  which  the  secondary  discharge 
occurred  were  operating  at  less  than  652  of  their  normal  breakdown  potential 
difference.  Triggering  is  presumably  caused  by  the  burst  of  neutral  and  ionized 
material  from  the  polymer  breakdown  site.  The  effect  probably  occurs  also  with 
Kapton,  but  this  has  not  been  checked.  This  phenomenon  has  been  seen  with  both 
electron  beam  and  direct  charging  of  the  sample. 
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Direct  transfer  oi  Teflon  fragments  is  obviously  likely  because  of  the 
large  fragments  observed  in  the  mass  spectrum.  It  Las  been  confirmed  by  the 
formation  of  insulating  layers  near  the  breakdown  Bite  and  by  instantaneous 
changes  in  the  secondary  electron  emission  coefficient  of  surfaces  up  to  100cm 
away.  Partial  recovery  occurs  over  a  period  of  several  days.  The  effect  does 
not  appear  to  occur  with  Kapton,  but  this  point  needs  further  study. 

indirect  transfer  of  Teflon  has  similar  effects.  It  appears  to  be  the  result 
of  Teflon  fragments  striking  an  intervening  surface  and  then  being  almost  instan¬ 
taneously  re-emitted  into  areas  which  are  not  on  a  direct  line  of  sight  from  the 
discharge. 

Removal  of  metal  from  the  becking  film  was  detected  with  Kapton  samples.  In 
sons  coses  the  Kapton  film  remained  intact  above  the  damage  site.  The  effect  is 
originally  observable  only  under  magnification  but  after  several  months  in  air 
the  holes  ere  easily  visible  with  the  naked  eye  because  of  local  discoloration  of 
the  Kapton. 

Photon- induced  desorption  and  electron-induced  desorption  of  adsorbed  gases 
from  surfaces  near  discharge  sites  are  to  be  expected  and  have  been  observed.  The 
effect  is  not  directly  linked  with  the  presence  of  a  polymer  film,  since  any  spark 
could  supply  the  necessary  photons  and  electrons.  The  effect  is  about  one  order 
of  magnitude  smaller  than  the  direct  gas  evolution  from  polymer  film  breakdowns. 

CONCLUSIONS 

Many  of  the  phenomena  listed  in  Figure  10  could  have  significant  effects  on 
spacecraft  surfaces.  Jets  of  heavy  polymer  fragments  from  Teflon  discharge  sites 
could  form  insulating  layers  on  adjacent  electrodes,  could  act  as  triggers  for 
gee  discharges,  and  could  change  the  secondary  electron  emission  properties  of 
distant  surfaces.  'The  much  lighter  fragments  from  Kapton  may  also  be  capable  of 
triggering  remote  discharges.  The  ejection  of  material  from  the  conducting  back¬ 
ing  of  polymer  films  may  result  in  metallic  contamination  of  nearby  insulation. 
Photon-induced  and  electron-induced  desorption  of  gas  from  surfaces  adjacent  to  a 
discharge'  site  also  occurs  and  adds  to  the  intensity  of  the  observed  neutral- 
particle  pulses. 
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Figure  2.  -  Mass  spectrum  of  background  gases  in  vacuum  chamber. 
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Figure  4.  -  Point-contact  surface  breakdown  apparatus. 
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Figure  6.  -  Intensity-modulated  raster  display  for  breakdown  of  50  micron  Kapton 
film  at  18  kV.  Main  peaks  44  (CO*.  C3H8  ),  28  (C0\  15  (CH$). 


Figure  7.  -  Polymer  structures.  Hydrogen  bonds  omitted  In  Kapton  structure  for 
clarity. 
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Figure  8.  -  Background  gas  spectrum  (no  discharge).  Offset  multUrace  raster 
display,  16  spectra  per  trace. 
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Figure  9.  -  Contact  discharge  through  50u  Kapton  film  at  16  kV.  Offset  multi- 
trace  raster  display,  16  spectra  per  trace. 
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Figure  10.  -Neutral-particle  phenomena  observed  during  electrical  breakdown  of 
polymer  films  (contact  charging).  Insulating  side  of  metal-backed  polymer 
films  Indicated  by  (P). 


N85-2251 2 


ELECTRON  YIELDS  FROM  SPACECRAFT  MATERIALS* 
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Cleveland,  Ohio  44106 


Photoylelds  and  secondary  electron  emission  (SEE)  characteristics  have  bean 
determined  under  UHV  conditions  for  a  group  of  Insulating  materials  used  In  space¬ 
craft  applications.  The  SEE  studies  were  carried  out  with  a  pulsed  primary  beam 
while  photoylelds  were  obtained  with  a  chopped  photon  beam  from  a  Kr  resonance  source 
with  major  emission  at  123.6  nm.  This  provides  a  photon  flux  close  to  that  of  the 
Lyman  a  In  the  space  environment.  Yields  per  Incident  photon  are  obtained  relative 
to  those  from  a  freshly  evaporated  and  air  oxidized  A1  surface.  Samson's  value  of 
*  2.4X  Is  taken  for  the  A1  yield.  Results  are  presented  for  Kapton,  FEP  Teflon,  the 
boroslllcate  glass  covering  of  a  shuttle  tile,  and  spacesult  outer  fabric. 


INTRODUCTION 


In  the  use  of  NASCAP  (ref.  1),  a  computer  code  which  simulates  charging  of  a 
three-dimensional  object  In  space.  It  Is  Important  to  have  data  on  electron  yields 
from  the  various  materials  comprising  the  spacecraft  surface.  In  an  on-going  program 
(ref.  2)  pulsed  primary  electron  beam  methods  have  been  developed  to  avoid  charging 
effects  In  vleld  measurements  from  Insulating  surfaces.  These  studies  are  carried 
out  In  an  ultra  high  vacuum  system  employing  a  commercial  double  pass  CMA  which  per¬ 
mits  sequential  Auger  analysis  of  the  surface  and  target  current  measurements  of 
electron  yield  data  as  a  function  of  the  primary  energy,  EP.  This  pulsed  beam  tech¬ 
nique  has  been  extended  to  permit  vacuum  ultraviolet  (VUV)  photoyield  measurements  of 
these  insulating  surfaces:  Kapton,  Teflon,  the  boroslllcate  glass  surface  of  shuttle 
tile,  and  the  outer  fabric  of  spacesult  material. 


EXPERIMENTAL  TECHNIQUES 


Target  current  measurements  of  secondary  yield  by  pulsed  electron  beam  methods, 
Introduced  In  a  study  of  Insulating  materials,  have  already  been  discussed  in  refer¬ 
ence  2.  We  describe  here  the  adaptation  of  this  approach  to  obtain  photoylelds.  The 
spectral  range  of  Interest  Is  restricted  to  the  VUV  because  of  the  pnotoemlsslon 
threshold  of  most  materials.  We  have  chosen  to  carry  out  these  preliminary  experi¬ 
ments  with  an  Opthos  VUV  krypton  source  powered  by  a  Klva  Model  MPG  4  microwave 
generator  producing  resonance  lines  at  116.6  and  123.6  nm  with  a  relative  intensity 
of  approximately  1  to  7  respectively  (or  1  to  15  after  transmission  through  the  MgFg 
windows).  This  provides  a  reasonable  approximation  to  the  relevant  portion  of  the 
solar  spectrum  with  Its  Intense  Lyman  Ha  line. 

^Wcork  performed  under  NASA  Grant  No.  NSG-3197 
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As  Illustrated  In  figure  1,  the  Kr  source  Is  mounted  on  the  end  of  a  cylindrical 
housing  containing  a  camera  shutter  to  permit  chopping  of  the  light  beam.  The  beam 
travels  In  an  argon  atmosphere  to  avoid  air  absorption  and  enters  the  UHV  system 
through  a  MgF2  window.  The  incident  beam  intensity  is  determined  by  Irradiating  a 
freshly  evaporated  and  air  oxidized  A1  film  of  150  nm  thickness  deposited  on  a 
glass  substrate  and  using  Samson's  value  (ref.  3)  cf  ZA%  yield  per  Incident  photon 
at  the  Lyman  Hq.  The  yield  from  freshly  evaporated  samples  Is  typically  SOfc  greater 
than  that  from  samples  exposed  to  air  for  about  10  minutes,  which  corresponds  to  an 
essentially  saturated  va'ue.  It  Is  this  result  which  we  assume  corresponds  to  Sam¬ 
son's  yield  but  have  not  placed  this  on  an  absolute  basis  as  yet.  Samples  to  be 
studied  and  the  A1  detector  are  mounted  on  the  faces  of  the  six-sided  rotatable 
carousel . 

A  cylindrical  cup  collector  electrode  was  mounted  facing  and  surrounding  the 
sample  on  the  target  as  shown  In  figure  1.  The  collimated  UV  beam  Irradiates  the 
sample  by  passing  through  an  aperture  on  the  axis  of  the  collector.  Our  usual  pro¬ 
cedure  was  to  measure  collector  current  with  the  collector  biased  +  22.5  V  relative 
to  the  grounded  target.  Typical  currents  ranged  from  0.5  nA  for  relatively  high 
yield  materials  down  to  5  to  10  pA  for  the  lowest  yields.  Although  the  shutter  is 
capable  of  1  millisecond  pulse  lengths,  we  have  been  able  to  avoid  charging  with 
pulses  as  long  as  1  second  This  has  permitted  use  of  a  fast  response  chart  recorder 
to  obtain  a  plateau  value  for  the  collector  current  during  each  pulse. 


MATERIALS 


Only  Insulating  materials  were  studied  in  this  Investigation  and  all  samples 
were  obtained  from  '  jRC.  Table  I  summarizes  the  materials  studied  and  Includes 
the  preparation  of  rear  surfaces  since  good  electrical  contact  to  the  target  Is 
Important.  Approximately  2  cm  x  2  cm  samples  were  used  In  the  photoyield  studies 
with  approximately  1  cm  x  1  cm  sizes  employed  In  electron  yield  work.  Dust  particles 
were  removed  by  blowing  dry  nitrogen  across  the  surface  but  no  other  cleaning  steps 
were  used. 

Square  samples  were  cut  from  the  ^  .5  mm  thick  boroslllcate  glass  surface  coat¬ 
ing  of  the  shuttle  tile  with  a  thin  rotating  disk.  The  silica  fiber  backing  material 
was  brushed  away  to  permit  good  contact  with  Indium  foil  In  which  the  sample  was 
embedded.  An  Al  backing  was  evaporated  on  the  rear  surface  of  the  outer  fabric  of 
the  spacesult  later  to  provide  better  electrical  contact  with  the  target.  As  dis¬ 
cussed  later,  this  fabric  and  to  a  lesser  extent  the  shuttle  tile  surface  material, 
exhibited  qualitatively  stronger  charging  effects  than  did  the  Kapton  and  Teflon 
sheet.  The  greater  average  "thickness"  of  the  cloth  ('v  1  mm)  means  a  reduced  capaci¬ 
tance  and  thus  an  Increased  charging  rate,  per  current  pulse. 


RESULTS  AND  DISCUSSION 


Photoyleids 

Results,  expressed  as  yields  per  Incident  photon,  are  summarized  in  table  II 
with  uncertainties  based  on  the  scatter  of  repeated  measurements.  Systematic  uncer 
talnties,  such  as  the  assumption  that  Samson's  value  of  2A%  yield  applies  to  a 
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freshly  evaporated  and  air  oxidized  A1  surface  or  the  effects  of  surface  contamina¬ 
tion,  If  present,  are  not  Included.  Light  pulses  used  In  obtaining  these  results 
were  generally  1  second  In  duration.  A  test  for  charge  accumulation  was  done  by 
repeated  Irradiation  In  the  same  location  on  the  sample.  Here  we  discovered  that  for 
the  Intensities  employed,  several  (up  to  10)  pulses  could  be  delivered  to  Kapton 
before  the  yield  would  begin  to  drop  -  fuch  a  drop  is  taken  as  our  operational  defi¬ 
nition  of  charging.  Tor  the  white  shuttle  tile,  however,  charging  began  after  only 
one  or  two  pulses  and  for  the  spacesuit  fabric  on  the  first  pulse. 

We  experienced  some  difficulties  In  measuring  the  highly  Insulating  materials 
having  relatively  low  photoyields.  This  Is  due,  In  part,  to  low  current  values  cor¬ 
responding  to  the  small  yields  such  that  the  values  are  comparable  to  the  noise.  In 
the  low  yield  insulating  materials  we  also  found  a  trend  towards  even  lower  values 
when  we  chose  a  modification  of  figure  1  consisting  of  grounding  the  collector,  Bias¬ 
ing  the  target  -  22.5  V  relative  to  ground  and  measuring  the  target  current.  This 
effect  has  not  been  explored  In  any  detail  as  yet  and  may  be  spurious  since  it  did 
not  appear  for  the  higher  yield  materials.  We  conclude  that  the  results  for  both 
Teflon  and  the  spacesuit  fabric  are  preliminary  and  will  require  further  study. 

Secondary  Electron  Yields 

Results,  using  target  current  measurements  with  pulse  beam  methods  as  described 
In  reference  2,  were  obtained  for  the  materials  In  tab In  I  and  are  presented  In 
figures  2  through  8  where  only  the  total  SEE  coefficient,  o r,  Is  displayed.  The  pri¬ 
mary  electron  beam  was  slightly  defocussed  to  ^  2  mm  diameter  and  was  moved  to 
various  locations  on  the  sample  during  a  series  of  measurements  to  reduce  surface 
charging  effects.  Kapton  and  Teflon  are  displayed  In  figures  2  and  3  respectively. 

In  figure  4,  figures  2  and  3  are  compared  using  a  normalized  scale  On  which  o/am.x  Is 
plotted  vs.  EP/EP  and  It  Is  clear  that  they  are  In  clone  agreement.  This  Is  in 
contrast  with  themllrly  work  of  Willis  and  Skinner  (ref.  4)  In  which  the  Teflon  data 
are  well  above  the  Kapton  results  on  a  similar  normalized  plot.  Since  very  different 
samples  were  measured  In  these  two  Investigations  and  different  surface  cleaning 
techniques  were  employed,  we  merely  note  these  differences.  Figures  5  and  6  present 
the  SEE  coefficients  for  the  boroslllcate  glass  shuttle  tile  surfaces  in  both  as- 
received  and  sputtered  condition.  Some  difficulties  were  experienced  with  charging 
of  these  samples  because  of  their  thickness  0.5  mm)  but  we  feel  the  results, 
while  preliminary,  are  representative  for  reasons  discussed  later.  Results  from  a 
sample  of  microscope  cover  glass  are  also  included  for  comparison  In  figure  7.  In 
each  of  these  cases,  sputtering  sufficient  to  remove  the  nominal  surface  contamina¬ 
tion  has  reduced  the  SEE  coefficients  substantially. 

Figure  8  contains  preliminary  results  for  the  outer  fabric  of  the  space  suit. 

As  noted  earlier,  the  large  sample  thickness  Increased  the  tendency  to  charge.  SEE 
results  for  all  materials  reported  here  are  summarized  In  table  III  to  provide  a 
general  comparison.  EPr  and  EPty  are  the  primary  beam  energies  for  which  the  total 
SEE  coefficient  is  unity. 

It  Is  important  to  note  that  our  usual  method  of  obtaining  SEE  data  for  Insulat¬ 
ing  materials  appears  to  reduce  charging  problems.  In  biasing  the  target  negatively 
then  positively  to  obtain  both  the  SEE  coefficent,  a  and  6,  at  a  given  primary  enery 
EP,  the  surface  charge  Is  reduced  In  the  positive  biased  situation  by  electrons 
attracted  back  to  the  surface.  This  Is  Illustrated  by  the  record  of  multiple  pulses 
(at  t'P  «  500  eV)  delivered  to  the  same  location  in  the  sample  in  figure  9,  Here,  the 
series  of  dots,  although  they  show  substantial  scatter,  tend  to  drop  away  much  less 


539 


from  the  Initial  or  value  than  do  the  series  of  +  points  for  which  the  target  remained 
negatively  biased.  The  latter  points  approach  a  unity  value  much  more  closely.  Indi¬ 
cating  that  charging  has  brought  the  surface  potential  close  to  the  EPjt,  the  second 
cross-over  value.  The  Immediate  effect  of  low  energy  electrons  from  a  flood  gun  Is 
also  Illustrated  and  appear  somewhat  more  clearly  In  the  highly  charged  case  than  In 
the  alternating  bias  mode.  One  can  conclude  from  these  results  that,  though  the  data 
show  substantial  scatter,  alternating  the  target  bias  helps  to  reduce  surface  charg¬ 
ing  effects. 


CONCLUSIONS 


We  have  demonstrated  reasonable  results  for  both  electron  and  photoylelds  from 
highly  Insulating  materials  where  such  data  are  not  usually  available.  Pulsed  1r* 
radiation  methods  were  used  to  minimize  charging  effects. 
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TABLE  I  -  MATERIALS  STUDIES 


Material  Back  Surface 

Thermal  Blanket 

Kapton,  2  mil  A1 

FEP  Teflon  2  mil  Ag/Inconel 

Shuttle  Tile  * 

White  boroslllcate  glass  outer  coating  In  Foil 

Black  boroslllcate  glass  outer  coating  In  foil 

Space  Suit  Components 

Outer  fabric  Evaporated  A1 

(ST1 1  G041-01 )  layer 


llf 

Embedded  in  0.5  mm  In  foil  without  covering  sample  surface. 


TABLE  II  -  PHOrOYIELDS 


Material 


Photoyield  (%) 


Kapton 
FEP  Teflon 

White  Shuttle  Tile  surface 
Black  Shuttle  Tile  surface 
Outer  fabric  of  space  suit 


0.65  hh  0.03 
0.04  +  0.03 
0.2  +  0.03 
0.3  +  0.03 
0.06  +  0.03 


TABLE  III  -  SUMMARY  OF  SEE  RESULTS 


Sample 

cr 

max 

Epmax‘K'v> 

E]  (KeV) 

E?(KeV) 

Kapton 

1.8 

0.2 

0.05 

0.7 

FEP  Teflon 

2.4 

0.3 

0.05 

1.9 

Black  Space  Shuttle  Tile 

2.3 

0.5 

0.06 

2.7 

White  Space  Shuttle  Tile 

2.3 

0.5 

0.06 

3.5 

Microscope  Cover  Glass 

3.8 

0.5 

0.05 

5.0 

STl 1  G041-01 

2.3 

0.3 

0.08 

3.2 

UHV  SYSTEM 


Tig.  1.  Schematic  diagram  of  tie  arrangement  for  measuring  photoyields. 
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KAPTON  CHARGING  CHARACTERISTICS:  EFFECTS  OF  MATERIAL  THICKNESS 
ANO  ELECTRON-ENERGY  DISTRIBUTION 


W.  S.  Williamson,  C.  R.  Oulgeroff,  and  J.  Hymann 
Hughes  Research  Laboratories 
Malibu,  California  90265 

R.  Vlswanathan 

Hughes  Space  and  Communications  Group 
Los  Angeles,  California  90009 


We  report  charging  characteristics  of  polyimide  (Kapton)  of 
varying  thicknesses  under  irradiation  by  a 
very- low- cur  rent- density  electron  beam,  with  the  back  surface  of 
the  sample  grounded.  These  charging  characteristics  are  in  good 
agreement  with  a  simple  analytical  model  which  predicts  that  in 
thin  samples  at  low  current  density,  sample  surface  potential  is 
limited  by  conduction  leakage  through  the  bulk  material. 

In  a  second  investigation,  we  measured  the  charging  of 
Kapton  in  a  low-current-density  (3  uAm“2)  electron  beam  in  which 
the  beam  energy  was  modulated  to  simulate  Maxwellian  and 
biMaxwellian  distribution  functions. 


INTRODUCTION 


The  charging  characteristics  of  dielectric  thermal-blanket 
materials  in  the  geosynchronous-earth-orbit  (GEO)  plasma 
environment  is  a  subject  of  considerable  importance  in 
spacecraft-charging  studies.  Polyimide  (Kapton)  is  one  of  the 
moat  commonly  used  materials  in  large-area  thermal  blankets,  and 
this  material  has  been  the  subject  of  numerous  previous 
experimental  Investigations,  Many  previous  studies,  however,  have 
employed  electron-beam  current  densities  substantially  higher 
than  the  3  uAm“2  value  which  we  believe  represents  a  reasonable 
upper  bound  in  the  GEO  environment. 

A  second  area  of  concern  over  ground  simulations  is  that  the 
electron  beams  that  are  used  are  generally  monoenergetic,  and  the 
charging  characteristics  that  would  result  in  the 
distributed-energy  GEO  environment  must  be  inferred  from 
monoenergetic  charging  data  analytically.  A  model  for 
accomplishing  this  inference  is  imbedded  In  the  NASCAP  (NASA 
Charging  Analyser  Program)  computer  code,  for  example.  Since 
NASCAP  is  currently  being  used  by  spacecraft  designers  to  predict 
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the  spacecraft-charging  consequences  of  their  designs, 
experiment el  verification  of  the  NASCAP  modelling  is  very  timely. 
A  credible  distributed-energy  electron  source  is  needed  to 
perform  these  experiments,  and  we  describe  a  simple  means  for 
devising  such  a  source  below. 


SYMBOLS  USED 


electron-beam  current  density 
(no  sample  in  place) 
electron-beam  current  density 
(incident  on  charged  sample) 

Electron  reflux  coefficient 

(including  backscatter  +  secondaries) 

bulk  conductivity  of  sample 

sample  area 

sample  thickness 

sample  surface  potential 

electron-beam  energy 

curren£  of  refluxed  electrons  <"eRlp> 

electron  beam  current  density 


f  (v  )  electron  current  distribution  function 

Only  SI  units  are  used  in  this  paper. 


KAPTOM  CHARGING  CHARACTERISTICS 
IN  NOKKSMBMSmC  ELECTRON  BEAMS 

* 

In  this  section  we  describe  the  experimental  apparatus  and 
measurements  and  then  present  a  simple  analytical  model  for 
comparison  with  the  experimental  results. 

Experimental  Apparatus  and  Measurements 

the  experiments  were  conducted  fn  a  0.6-m-diameter  vacuum 
chamber,  which  is  shown  in  Figure  1.  A  divergent-beam  electron 
flood  gun,  shown  in  Figure  2,  is  used  to  irradiate  the  sample. 
This  electron  gun  is  built  to  a  design  developed  at  NASA  Lewis 
Research  Center.  It  produces  a  broad  uniform-ourrent-deneity  beam 
and  exhibits  excellent  stability  over  a  wide  range  of  current 
densities.  The  sample  is  housed  in  a  separate  antechamber  which 
can  be  isolated  from  the  main  chamber  by  a  vacuum  gate  valve.  The 
geometry  of  the  sample  and  sample  holder  ia  shown  in  Figure  3. 

We  have  measured  the  charging  characteristics  of  Kapton 
under  conditions  which  differ  significantly  from  previous 
practices  we  employed  an  electron-beam  currant  density  of  3 
vAm  ,  and  we  mounted  the  sample  by  wrapping  it  around  the  edges 
of  the  metal  aample-holder  and  clamping  it  at  tha  rear.  These  two 
innovations  are  more  representative  of  the  elootron  current 
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density  which  exists  at  GBO,  and  of  tha  geometry  with  which 
thermal-blanket  materials  are  exposed  to  electron  bombardment  on 
GEO  spacecraft.  We  exposed  Kapton  samples  of  two  thicknesses  (25 
vm  and  127  ym)  to  irradiation  by  monoenergetic  electron  beams 
with  energies  up  to  14  keV.  A  topical  charging  characteriatic  is 
shown  in  Figure  4,  where  the  surface  potential  of  127-ym-thick 
Kapton  is  shown  as  a  function  of  time,  during  continuous 
bombardment  by  14-keV  electrons.  This  plot  reveals  the  relatively 
long  time  constant  involved  in  charging  at  these  low  current 
densities. 

Figure  5  shows  the  equilibrium  surface  potential  of 
127- vim- thick  Kapton  as  a  function  of  incident  beam-current  energy 
from  2  keV  to  14  keV.  The  straight“line  characteristic  intercepts 
the  beam“energy  axis  ah  an  energy  of  about  1.6  keVi  this  energy 
corresponds  to  the  "second-crossing"  energy,  i.e«,  the  energy  at 
which  the  secondary-electron  yield  of  the  material  is  unity. 
Figure  6  shows  the  corresponding  characteristic  of  25-ym-thick 
Kapton,  under  the  same  test  conditions.  In  this  curve,  the 
second-crossing  Intercept  is  the  same,  but  the  surface  potential 
saturates  at  much  lower  values  than  were  observed  in  the 
127-um- thick  material.  This  saturation  effect  is  produced  by 
conduction  losses  through  the  bulk  Kapton,  as  evidenced  by  the 
fact  that  the  saturation  effect  disappears  when  the  ground 
connection  on  the  rear  of  the  sample  ie  removed!  the 
characteristic  then  remains  linear  within  the  limits  of  our 
beam-energy  capability.  We  have  developed  a  simple  analytical 
model  which  successfully  predicts  the  surface  potential  at  which 
the  saturation  effect  occurs.  This  model  ia  similar  to  previous 
models  due  to  Purvis,  et.  al,  (Reference  1)  and  F.eevee  and 
Balmain  (Reference  2) ,  except  that  it  conforms  to  the  specific 
geometry  of  the  test  environment  that  we  used.  This  model 
predicts  that  the  saturation  surface  potential  of  Kapton .depends 
on  the  parameter  k»dJ0~I,  where  d  ie  the  sample  'thickness,  J  ie 
the  electron-beam  current  density,  and  a  ie  the  material 
conductivity.  Material  testing  with  thick  (large-d)  samples  end 
high  current  densities  (large  J)  raise  the  saturation  potential 
beyond  usual  test  limits.  This  explains  why  the  saturation  effect 
shown  in  Figure  6  is  not  often  seen  in  published 
dieleotrio-cherging  results!  the  saturation  is  produced  by  the 
use  of  thinner  materials  and  lower  electron-beam  current 
densities  than  are  commonly  used  in  material-charging  teeta. 


Analytical  Charging  Model 

In  this  sect ion  we  present  the  simple  model  of  sample 
charging  which  we  will  evaluate  by  comparison  with  experimental 
data.  This  model  is  highly  simplified  and  applies  to  an 
equilibrium-charge  condition  (i«e.,  a  condition  in  which 
displacement  currents  end  stored  charge  can  be  neglocted) .  It 
also  assumes  that  cylindrical  Langmuir- probe  theory  correctly 
calculates  the  reduction  in  current  that  is  collected  by  the 
sample  as  it  charges  mors  and  mors  negative. 


In  •qullibrium,  th«  currant  that  is  incident  on  a  charged 
sample  is  given  by 


T  m  T  +  2h.  V  (1) 

AP  1R  a  VS  ’ 

where  the  first  term  corresponds  to  refluxed  electrons  that  are 
ejected  from  the  surface  by  backscatter  or  secondary-electron 
emlssion#  and  the  second  term  corresponds  to  conduction  loss  of 
electrons  through  the  sample  to  the  grounded  rear  surface, 
According  to  cylindrical  Langmuir  probe  theory  (Reference  3) ,  the 
current  that  is  collected  by  a  charged  sample  is  related  to  the 
incident  current  (i.c.,  current  that  would  be  collected  by  an 
uncharged  sample)  by 
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(2) 


The  foregoing  expressions  can  be  combined  to  yield  the  surface 
voltage  as  a  function  of  beam  voltage * 


VBk(l-eR) 


(3) 


Of  course,  the  reflux  coefficient  eR  is  a  function  of  the  impact 
energy  of  electrons  which  strike  the  surface,  e(VB-vs)»  this 
function,  along  with  the  constants  contained  within  k,  are  in 
general  known  only  numerically.  Equation  (3)  does  not  represent  a 
solution  for  Vgt  it  can,  however,  be  solved  for  V5  numerically  by 
a  simple  iterative  procedure. 


He  have  solved  Equation  (3)  numerically,  using  the  Kapton 
reflux-coefficient  and  conductivity  data  that  is  contained  within 
NASCAP,  and  values  of  material  thiakness  and  beam  current  density 
that  are  appropriate  to  our  experimental  conditions.  The  results 
are  shown  in  Figure  7,  where  we  compare  the  actual  eqpilibrium 
charging  voltages  with  the  values  predicted  by  the  model,  for 
several  thicknesses  of  Kapton.  The  model  predictions  provide 
reasonably  accurate  descriptions  of  the  shape  of  the  charging 
characteristics  and  the  location  of  the  beam  energy  at  whioh 
conduction- induced  saturation  of  the  charging  voltage  begins. 

Figurs  8  shows  the  solution**  to  Equation  (3)  plotted  in  a 
different  manner t  here  the  parameter  k  is  used  as  ths  independent 
variable,  and  electron-beam  energy  is  a  paramstar.  Notice  that 
the  curves  art  spaced  evenly  in  surface  voltage  vg  for  large 
values  of  k  (i.e.,  large  current  density  and/or  low  conductance), 
and  that  the  surface  potential  is  independent  of  k  in  this 
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region*  This  case  corresponds  to  the  situation  in  which  the 
impacting  electron  current  is  balanced  totally  by  electron 
reflux.  Por  low  values  of  k,  conduction  losses  become 
significant,  causing  the  curves  to  pack  together  at  higher  values 

Figure  8  is  a  convenient  tool  for  estimating  Xapton 
charging;  it  could  be  easily  reproduced  for  other  dielectrics  for 
which  eR  is  known  by  solving  Equation  (3). 


KAPTGM  CHARGING  ONDHR 

DISTRIBUTED-ENERGY  BUttSRflN BRAN  IRRADIATION 


As  described  in  the  Introduction,  realistic  simulation  of 
spacecraft  charging  should  include  the  use  of  a 
distributed-energy  electron  source.  In  principle,  of  course, 
multiple  experiments  can  be  performed  using  monoenergetic  beams 
and  calculating  the  expected  surface  potential  using  a  model  such 
as  that  given  above.  This  calculation  entails  solving  Equation 
(3)  as  before,  but  using  an  effective  reflux  coefficient  such  as 


<e»f  <V  “  Hr^iTVi  <V  dVB 


(4) 


instead  of  the  monoenergotic  eR  used  above.  This  approach  is 
ha aardous  because  the  effective  eR  may  differ  frcm  that  given  by 
Equation  (4);  that  ia,  the  electron  reflux  which  results  from  the 
simultaneous  presence  of  two  electron-energy  species  may  differ 
from  the  sum  of  the  refluxes  that  would  result  from  each  energy 
species  being  separately  present.  Such  nonlinearities  are  well 
known  in  the  case  of  sputtering  of  solids  by  ion  bombardment,  bat 
we  are  unaware  of  electron-reflux  data  which  would  either 
validate  Equation  (4)  or  provide  a  useful  alternative. 


In  order  to  provide  an  empirical  foundation  for  these 
distributed-energy  electron  distribution  consider ations,  we  have 
developed  a  simple  and  novel  meant  of  simulating  the  broad 
diatribution  of  electron  energies  which  simultaneously  bombard  a 
spacecraft  in  GEO.  We  have  used  this  tool  to  study  the  charging 
of  25-vim-  and  127-  um-thick  Kapton.  We  find  that  the  thinner 
material,  which  ie  in  the  conduction-dominated  (saturated 
surface-potential)  regime  charges  to  essentially  the  same  surface 
potential  regardless  of  the  electron  distribution  function.  The 
thicker  material,  however,  experiences  more  severe  charging  when 
exposed  to  electrons  which  are  distributed  in  energy 
cor ree ponding  to  "moderate"  and  "severe"  charging  conditions  than 
it  does  when  exposed  to  a  "quiescent"  distribution  of  electron 
energies. 


Figure  9  Illustrates  the  arrangement  of  our 
distributed-energy  electron  source.  The  electron  source,  shown  in 
Figure  2,  is  a  simple  hot-cathode  source  with  multiple  wire-mesh 
grids  tc  extract  a  broad,  spatially  uniform  electron  beam.  The 
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•-gun  is  powered  by  a  programmable  high-voltage  power  supply 
which  operates  over  the  range  of  0  to  30  kV.  The  power  supply  is 
programmed  by  a  microcomputer!  the  microcomputer  causes  the  power 
supply  to  generate  a  repetitive  sequence  of  electron- be am 
voltages.  This  repetitive  .sequence,  which  is  defined  in  the 
microcomputer  firmware  is  arranged  in  such  a  manner  that  the 
time-averaged  current  produced  by  the  e-gun  at  a  given  energy  is 
equal  to  that  which  exists  in  the  GEO  environment.  That  is,  the 
system  selects  an  electron-beam  energy  and  causes  the  power 
supply  to  output  the  corresponding  voltage  for  a  time  duration 
that  is  proportional  to  the  value  of  the  desired  currant 
distribution  function  at  that  energy.  The  energies  are  output  in 
an  ascending-energy  sequence,  but  we  have  found  that  the  same 
sample  charging  is  produced  for  descending-  or  random-energy 
sequences. 

This  simulation  is  reasonable  if  the  time  scale  within  which 
the  elect  r  on-  be  am  energy  is  varied  is  short  compared  to  the 
saa(pla  charging  time.  This  condition  is  satisfied  in  our  tests, 
because  the  electron-beam  energy  is  varied  over  a  5-s  time 
period,  while  the  sample  typically  requires  an  hour  or  more  to 
reach  equilibrium  potential  (in  cases  in  which  the  sample  is  not 
grounded  at  the  rear  surface,  equilibration  still  requires 
several  minutes).  The  microcomputer  is  programmed  to  generate  any 
of  three  electron-energy  distribution  functions  (which  it  selects 
by  reading  the  position  of  a  front-panel  switch))  the  programs 
are  written  in  a  commercially  available  integer  BASIC  and  are 
stored  in  ROM  for  convenience. 

The  three  distribution  functions  we  use  are  a  biMaxwellian 
distribution  characteristic  of  quiescent  conditions  (Reference  4) 
and  two  single-Maxwell i an  distributions  recommended  by  Stevens 
(Reference  S)  to  simulate  the  moderate  and  solar- substorm  GEO 
environments.  The  three  distribution  functions  have  identical 
total  currents.  These  distributions  are  plotted  in  Figure  10. 

Figure  11  shows  the  response  of  both  25-ym-  and  127-ym-thick 
K apt on  under  irradiation  by  the  multienergetic-beam  apparatus. 
The  thicker  Kapton  charges  to  substantially  higher  voltages  and 
evidences  a  larger  difference  between  the  three  distribution 
functions  than  does  the  thinner  material.  It  is  clear  that  the 
single-Maxwell i an  distribution  that  simulates  "moderate"  charging 
conditions  is  significantly  more  severe  than  the  biMaxwellian 
"quiescent"  condition. 
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Figure  1.  -  Hughes  spacecraft-charging-simulation  facility:  overview. 
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Figure  2.  -  Electron  source  (NASA  Lewis  design). 


Figure  3.  -  Hughes  spacecraft-charglng-slmulation  facility:  sample  test 
section  details.  Dimensions  are  in  millimeters. 


Figure  4.  -  Surface  potential  of  127-um-thick  Kaptori  under  irradiation  by  a 
14-keV,  3-nAnT^  electron  beam. 


ELECTRON  REAM  ENERGY  tVB,  k»V 

Figure  5.  -  Equilibrium  surface  potential  of  127-ym-thick  Kapton  as  a  function 
of  electron  beam  energy. 
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Figure  6.  -  Surface  potential  of  25-ym-thlck  Kapton. 


gure  7.  -  Comparison  of  predictions  of  analytical  model  with  experimental 
results  for  charging  of  Kapton  of  several  thicknesses. 
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Figur**  8.-  Analytical  charging  model  for  Kapton,  showing  surface  potential 
a  function  of  k  «  dOga  ,  with  beam  voltage  Vg  as  a  parameter. 


Igure  9,  -  Block  diagram  of  multi energetic  electron  beam. 
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Figure  10.  «  Electron  energy  distribution  for  simulation  experiments. 


Figure  11.  -  Equilibrium  surface  potential  of  25-  and  127-nm-tMck  Kapton 
Irradiated  by  S-uAnr*  multlenergetlc  electron  beam:  (1)  -  "quiescent* 
(2)  «  “moderate",  (31  .  "severe"  charging  environments.  '  ’ 
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ELECTRICAL  CONDUCTION  IN  POLYMER  OIELECTRICS* 


David  B.  Cotts 
SRI  International 
Menlo  Park*  California  94025 

The  uae  of  polymer  dleleotrloa  with  aoderate  resistivities  could  reduoe 
or  eliminate  problems  sosooisted  with  spsoeorsft  ohsrging.  The  processes 
responsible  for  oonduotion  and  the  properties  of  eleotroaotive  polymers  are 
reviewed,  and  correlations  drawn  between  aoleoular  structure  and  eleotrioal 
conductivity.  These  atruoture-property  relationships  have  led  to  the 
developaent  of  several  new  eleotroaotive  polymer  compositions  and  the 
identification  of  aeveral  systems  that  have  the  requisite  thermal,  meohanioal, 
environmental  and  eleotrioal  properties  for  use  in  apaoeoraft. 


INTRODUCTION 

One  approach  to  controlling  the  apaoeoraft  ohsrging  phenomena  that  are 
the  subjeot  of  this  symposium  la  the  uae  of  moderately  oonduoting  dleleotrloa 
that  would  bleed-off  aooumulated  charge  before  a  breakdown  or  discharge  oould 
ocour  (ref.  1).  Despite  extensive  study,  summarised  in  reference  2,  and  the 
reoent  development  of  several  organlo  polymers  with  metallic  (>10°  ohm-' os'-') 
conductivities  our  understanding  of  this,  prooeas  remains  unclear.  For  example 
there  is  considerable  debate  about  the  meohaniam(s)  responsible  for  oharge 
transport  in  organlo  polymers  and  no  means  to  relate  moleoular  structure  to 
conduction  meohanlsa  or  to  the  absolute  level  of  aonduotivlty. 

As  part  of  a  material-based  solution  we  have  reviewed  (ref.  3)  the 
eleotrioal  and  meohanioal  properties  of  nearly  250  polymers  that  are  believed 
to  have  either  the  eleotrioal,  meohanioal,  thermal,  environmental  resistance, 
or  other  properties  necessary  for  apaoeoraft  use.  Our  principle  conclusion:? 
are  two- fold.  First  there  exist  materials  that  oould  be  utilised  in  near- 
intermediate-,  and  long-term  experimental  tests  of  the  proposed  materlala- 
based  solution.  Seoond,  based  on  the  wide  range  of  properties,  conduction 
meohanisms,  and  ohemloal  structures  enoountered  in  the  study  a  general  theory 
of  eleotrioal  oonductivity  in  polymers  has  been  formulated.  The  model 
suooeeds  both  in  explaining  the  wide  range  of  known  properties  and  structures, 
and  in  Identifying  new  polymer  compositions  that  possess  unusually  high 
eleotrioal  conductivities. 

The  remainder  of  this  paper  is  divided  into  four  sections.  First  the 
observable,  oharaoteristic  properties  associated  with  various  oonduotion 
models  are  reviewed.  Second,  the  eleotrioal  properties  of  several 
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••■loonducting  and  conducting  polymers  are  examined.  By  oonparing  these 
prop«rtiM  the  relative  importance  of  various  models  can  be  assessed  and 
inconsistent  phenomena  identified.  Third,  the  molecular  struoture  of  the 
conducting  polymers  and  their  derivatives  are  considered  to  illustrate  how 
struoture  and  morphology  influence  conductivity.  Finally,  in  the  fourth 
ssotion  this  information  is  used  to  identify  candidate  materials  for  use  in 
reducing  spaoeoraft  oharging  phenonena.  Znoluded  are  both  contemporary 
materials  and  new  materials,  Identified  on  the  basis  of  mechanism  and 
structure-property  relationships  in  seotions  two  and  three,  that  have  been 
found  to  possess  relatively  high  eleotrioal  conductivities. 


CHARACTERISTIC  FEATURES  OF  CONDUCTION  MECHANISMS  FOR  ORGANIC  POLYMERS 

Eleotrioal  conduction  in  polymers  is  most  frequently  interpreted 
according  to  band  gap  conduction  models  as  discussed  in  reference -A.  The 
position  of  various  energy  bands  is  determined  by  the  interaction  of  atomic 
and  moleoular  orbitals  that  are  assumed  to  form  long-range  periodic)  arrays. 
This  pioture  is  analogous  to  taking  the  repeat  unit  struoture  of  a  polymer  and 
repeating  it  at  regularly  spaoed  intervals  in  three  dimensions  indefinitely  as 
if  it  were  the  unit  cell  of  a  single  crystal.  With  the  possible  exoeption  of 
two  polymers  that  are  polymerised  ae  tingle  orystala,  the  validity  of  this 
approach  la  difficult  to  understand  since  organic  polymers  ere  highly 
disordered  and  the  crystalline  order  that  la  praaeant  extends  over  relatively 
short  distances.  In  addition,  on  an  absolute  seals  tbs  length  of  a  polymer 
molecule  is  extremely  short  and  mtorosoopio  transport  of  nsoessity  must  be 
limited  by  lntsrmolsoular  oharge  transport  which  is  not  treated  by  this  model. 

Experimentally  e  metallic  band  gap  materiel  can  be  characterised  as 
having  an  Inverse  (log  a  «  T“")  temperature  dependence  due  to  increased 
•leotron  scattering  at  alavated  temperature.  Since  the  number  of  oerriers  la 
relatively  inaenaltive  to  temperature  the  overall  conductivity  is  determined 
carrier  mobility,  whioh  ahould  be  in  exoees  of  1  omVV  aeo  for  materials  to 
adequately  fit  a  band  gap  mechanism  (ref.  0).  Conduction  in  band  gap 
semioonduotora  is  not  mobility  limited  by  scattering  but  rather  by  the  number 
of  carriers  that  have  been  thermally  exoited  into  the  conduction  bend. 
Consequently  theae  systems  display  a  strong  thermally  aotivatad  oonduotivlty 
(ref.  5). 

Because  of  the  Inherent  high  degree  of  disorder  in  polymers  it  is 
neoessary  to  oonsider  so-called  mobility  gap  mechanisms  that  successfully 
describe  the  eleatronlo  properties  of  amorphous  inorganic  semiconductors 
including  amorphous  sllloon  end  the  ohaloogenlde  glasses  (ref.  6).  In  the 
theoretical  deaorlption  of  theae  materials  the  band  energies  are  diffuse, 
sometimes  overlapping,  and  charge  transport  is  mobility  limited.  Structurally 
the  oharge  carriers  are  spatially  localized  at  disordered  sites  and  undergo  a 
variable-range  hopping  transport.  In  contrast  the  mobility  gap  materials 
display  a  weak  (log  o  «  Tq/T1^)  temperature  dependence  end  mobilities  that 
seldom  exceed  1  omz/V  aeo,  above  oryogenlo  temperatures.  The  optical 
propeties  are  oomplex  end  their  Interpretation  is  more  oomplioated  than  that 
for  a  simple  bend  edge  absorption. 

Nhen  the  mean  free  path  of  e  oharge  carrier  becomes  very  low  due  to 
extremely  tight  binding  or  deep  trapping,  a  nearest  neighbor  hopping  mechanism 
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characterised  by  «  positive  thermally  wctivated  process  is  encountered  ss 
discussed  in  referenoe  7.  In  sssenoe  carriers  are  thermally  or  photolytloslly 
pried  out  of  their  molecular  orbitals  into  the  oontlnum  where  they  undergo  sn 
eleotrio  field  modified  transport  or  reoomblnation.  The  details  of  this 
process  oan  be  very  complicated  but  this  general  type  of  aeohanlsa  is 
responsible  for  oharg*  transport  in  most  insulating  polymers  exposed  to 
ioinising  radiation  or  inject *d  charge . 

An  intermediate  temperature  dependence  of  the  oonduotivity  (log  a  « 
T0/T'/2)  is  obssrved  for  polyorystalline  materials  composed  of  oonduotlng 
regions  separated  by  very  thin  nonoonduoting  barriers  (rsf.  8),  This  could  be 
of  partloular  interest  for  orystsllins  polymer io  materials  slnoe  the 
orystalline  regions  are  extremely  small  and  often  distinguish  by  only  a 
slight  shift  in  moleoular  orientation. 

Finally  thars  sxists  the  poc  Utility  of  lonio  oonduotion  that  involvss 
the  aotusl  mass  tranaport  ot  i  >•  ^  through  the  material  (rsf.  5).  Thess  oharge 
oarriara  may  be  ionisable  pendant  groups ,,  inadvertent  impurities,  or  Ionised 
water  which  is  present  in  small  quantities  in  almost  all  polymers  unless 
specifically  sxoludad.  Becuasc  thasa  oharge  oarriara  must  actually  diffuse 
through  and  between  the  polymer  aoleoulea  lonio  oonduotivity  dapenda  strongly 
on  the  physioal  state  of  the  material.  Consequently  lonio  oonduotivity  la 
inversely  dependant  on  pressure  and  the  temperature  dependence  oan  be 
oompllosted  due  to  thermal  transitions  and  relaxations  In  the  polymer. 

In  the  following  section  the  properties  of  boom  eleotrioslly  oonduotlng 
polymers  are  reviewsd  in  an  attempt  to  understand  whloh  oonduotion  msohsnlsma 
art  Involved.  Of  speolfla  interest  is  the  temperature  dependenoe  of  the 
oonduotivity,  in  part  beosuse  only  this  data  is  generally  available  in  the 
literature.  While  a  thorough  description  raqulrea  knowledge  about  oarrlar 
density,  mobility,  optloal  properties,  eto.,  these  are  uuoh  less  available  in 
the  literature  and  more  difficult  to  measure  for  polymers. 


ELBCTRICAL  PROPERTIES  OF  CONDUCTING  POLYMERS 

In  reoerit  years  a  number  of  highly  oonduotlng  polymers  have  been 
developed  that  have  stimulated  considerable  interest  oonerning  the 
meohmniaa(s)  of  oonduotion  and  potential  applications.  The  existence  of 
relatively  highly  oonduotlng  materials  has  faoilltsted  experimental 
■  measurements,  so  there  is  a  large  quantity  of  data  in  the  literature  obtained 
on  materials  with  diverse  ohemioal  structures  from  whloh  gsnsrsl  oonoluslons 
about  polymsr  oonduotivity  oan  be  drawn. 

The  most  striking  exampla  is  polythissyl  (SN_).  Needle-like  single 
crystals  of  polythissyl  om  be  polymerized  directly  from  single  crystals  of 
ths  oyolio  S2N2  monomer  (  -ef.  9).  Electrioal  oonduotivities, .whloh  depend 
strongly  on  crystal  peri^ctlon,  of  from  250  to  1200  (ohm  om)"1  have  been 
reported.  In  single  orystalline  materials  ths  mstalllo  oonduotivity  shows  an 
invsras  temperature  dependenoe  ohsrsoteristio  of  a  band  gap  maohanisa  as  would 
be  expected  from  s  materiel  with  sn  sxtrsmsly  high  degree  of  long-range 
order.  In  even  this  highly  ordered  material  the  importance  of  lntermoleoular 
oharge  transport  is  illustrated.  It  is  unlikely  that  single  moleoules  stretoh 
the  entire  distanoe  from  and  to  end  of  a  maorosoopio  single  oryetsl.  Even  so, 
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above  cryogenic)  temperatures  the  intrinsic  conductivity  parallel  to  the  ohain 
axis  la  only  about  ten-tines  that  normal  to  the  ohain  axis  indicating 
extensive  oharge  transport  between  ohains  (ref.  10). 

A  siailar  high  degree  of  structural  order  is  found  in  single  crystalline 
polydiacetylenes.  These  also  are  prepared  through  the  radical  Initiated 
polymerisation  of  single  crystals  grown  from  the  corresponding  nonoaer. 
Amorphous  films  oan  also  be  obtained  by  oasting  solutions  of  the  polymer  in 
organio  solvents.  Although  the  optioal  properties  discussed  in  reference  11 
are  oharaoteristlo  of  the  long  range  delocalised  it  electron  orbitals 
responsible  for  band  gap  conduction  the  extremely  low  ( 1 0” 1 0  to  10“ 12  ohm”1 
on”1)  conductivity  and  six-fold  conduction  anisotropy  parrallel-  and  nor»al-to 
the  chain  axis  lndioate  that  oarrier  mobility  is  strongly  limited  by  the  rate 
of  intermoleoular  oharge  transport  (ref.  12).  The  absorption  of  as  little  as 
one  mole  peroent  of  iodine  raises  the  electronic  oonduotivity  by  several 
orders  of  magnitude.  Meohanistioally  the  role  of  iodine  is  unolear  but  both 
pristine  and  doped  materials  in  reference  13  display  T”1  conductivities. 

Since  iodine  is  present  as  I 3“  it  is  believed  that  it  looally  oxidises  the 
polymer  w  eleotron  backbone  and  may  serve  as  an  electronic  bridge  between 
moleoules. 

Unlike  most  of  the  conducting  polymers  studied  the  polydiaoetylenes  are 
soluble  organio  aolventa  so  their  Htoleaular  weight  can  be  determined  as 
reported  in  reference  1*1.  At  a  fixed  dopant  level  the  oonduotivity  increases 
exponentially  with  molecular  weight  and  the  activation  energy  decreases 
linearly  to  an  infinite  moleoular  weight  value  of  0.4  ev.  This  illustrates 
rather  clearly  that  even  in  the  presence  of  complete  eleotron  delooalization 
along  a  ohain  baokbone  the  rate  limiting  process  for  oarrier  transport  is 
intermoleoular. 

Considerable  attention  has  bean  fooused  on  polyaoetylene  because  of  its 
potential  application  to  light  weight,  high  power-density  batteries. 
Polyaoetylene  oan  be  prepared  in  thin  films  or  as  coatings  that  appear  to  the 
eye  to  be  like  aluminum  foil  but  microscopically  more  closely  resemble  the 
fibrillar  structure  of  steel  wool  (ref.  15).  The  pristine  material  has  a  low 
(10’12  ohm“'om“')  oonduotivity  but  this  value  increases  rapidly  to  10 'ohm-1 
on”1  when  it  la  doped  to  about  10  mole  peroent  with  strong  oxidizing  agents 
like  I-  or  AsPk  (ref.  16).  Although  frequently  modeled  as  an  ideal  one* 
dimensional  delocalised  n  eleotron  baokbone  there  is  a  considerable  amount  of 
evidence  in  reference  17  for  structural  disorder  and  a  T-1/^  dependence  of  the 
conductivity  on  temperature  characteristic  of  variable  range  hopping  in 
amorphous  materials.  •  Yet  high  (*60  omvv  seo)  mobilities  are  observed  and 
optioal  studies  (ref.  18)  lndioate  that  the  transition  to  a  metallic 
conductivity  state  is  not  simply  a  concentration  dependent  peroolation 
transition  of  metalllo  conducting  regions. 

Similar  observations  may  be  made  about  the  doping  and  eleotrioal 
oonduotivity  of  polypyrrole.  It  too  is  prepared  as  a  thin  film  or  coating, 
becomes  conducting  at  a  dopant  level  of  about  25  mole  peroent,  and  displays  a 
T”1'*  conductivity  dependence  (ref.  19) •  Polyphenylene  sulfido  and 
polyparaphenylene  also  beooms  conducting  when  doped  to  high  (1:1)  repeat  unit 
to  dopant  ratios  and  possess  a  T"1/H  temperature  dependence  of  the  electrical 
oonduotivity  (i*af.  20). 


The  vast  Majority  of  the  remaining  eleotroaotivo  polymers  show  olear 
thermally  activated  oonduotion  meohaniaos  and  many  examples  oould  be  sited 
with  conductivities  ranging  from  10*'2  to  lO"1*  ohm*'cm“’  (refs.  2-5,  7,  21- 
22). 


Can  general  conclusions  be  drawn  about  the  conduction  meohanisma 
operating  in  organic  polymers?  The  temperature  dependence  of  the  conductivity 
is  about  the  only  property  that  has  been  determined  for  enough  materials  to 
allow  comparisons.  More  in  depth  studies  have  been  made  on  specific 
materials,  but  details  are  frequently  regarded  as  indications  of  unique 
material  properties,  fragmenting  an  already  confused  subjeot. 

The  long-range  periodio  order  and  inverse  temperature  dependent 
oonduotivity  characteristic  of  metallic  band  gap  oonduotion  are  only  found  in 
polythiazyl.  The  temperature  dependence  of  the  remaining  systems  dearly 
indioates  hopping  transport  between  inherently  localised  states.  The  hop 
length  and  the  energy  barrier  to  transport  will  vary  according  to 
morphological  structure  and  ohemioal  composition  but  the  Inherent  rate 
limiting  process  is  intermoleoular  charge  transport. 

The  prinoiple  objection  to  this  meohanistio  interpretation  of  polymer 
oonduotivity  is  that  it  does  not  provide  a  good  axplainatlon  for  the  high 
mobilities  observed  in  materials  like  doped  polyaoetylene.  One  way  around 
this  objection  is  to  postulate  a  ^aroolation-type  transition  at  which 
individual  localised  states  begin  to  interaot  facilitating  lrng-range 
traneport  within  a  cluster.  The  rats  limiting  step  to  charge  transport  Is 
still  hopping  between  localized  states  but  fast  long  range  transport  oocurs 
within  dusters  of  localized  states.  With  this  generr l  model  of  the 
oonduotion  process  it  is  possible  to  relate  ohemioal  composition  and  molecular 
structure  to  conductivity  in  organic  polymers. 


THE  INFLUENCE  OP  MOLECULAR  STRUCTURE  OR  CONDUCTIVITY 

The  prooess  of  designing  a  new  polymer,  or  selecting  a  known  material, 
for  use  in  a  specifio  application  with  apeolflo  performance  requirements 
relies  on  some  set  of  relationships  between  moleoular  atruoture  and  phyaioal 
oropartiea.  Seme  foroml  relationships  exist  for  polymers  but  the  intelligent 
'tsigu  of  nnterlals  for  apeolflo  thermal,  meohanioal,  and  eleotrioal 
upertlea  is  largely  heuristic 

The  predominance  of  hopping  transport  meohanisma  indioates  that  tha 
design  of  a  oonduoting  polymer  must  Include  a  moleoular  struotu re  that  can 
exist  as  a  stable  radloal  ion.  The  leas  atabla  the  radical  ion  tha  more 
energy  will  be  required  to  form  the  ion  and  tha  greater  the  likelihood  of 
trapping  or  an  irreversible  ohemioal  dagradatlon.  Tha  latar  is  a  strlous 
probl v  with  oonduoting  polyaoetylene,  polypyrrole,  and  polyphenylens  sulfide, 
which  met  be  protected  from  atmospheric  oxygen  and  water  vapor. 

Because  the  rate  limiting  step  appears  to  be  Intermoleoular  charge 
transport,  not  an  lntraaoleoula  phenomena,  it  is  not  neoeasary  for  the 
polymer  r->  possess  a  delooallzed  *  eleotron  moleoular  orbital  along  its  entire 
backbone..  The  molecular  atruoture  of  polyphenylene  sulfide  illustrates  this 
point:  its  conformation  is  coil-like  and  its  ir  electron  orbitals  are 
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localized  at  aaoh  Individual  phenylene  sulfide  repeat  unit. 

The  optiauo  size  of  this  looalized  oharge  state  remains  unolear.  The 
moleoular  weight  dependence  of  the  conductivity  In  the  polydiaoetylonea ,  whioh 
possess  complete  it  eleotron  delooalization  along  their  rodliko  backbone,  Is 
only  linear,  while  the  addition  of  a  few  mole  peroent  of  a  dopant  oauaes  a  IQ- 
12  order  of  magnitude  inorease  in  the  oonduotivlty  at  the  peroolation 
threshold.  Extrapolation  of  the  activation  energy  for  oharge  transport  to 
infinite  moleoular  weight  yields  a  minimum  value  of  O.M  sV  only  one-third  the 
value  for  an  oligomer  of  20,000  daltons. 

Intermediate  between  those  two  extremes  of  highly  extended  w  orbitals  and 
oharge  states  looalized  on  a  single  repeat  unit  lie  polyaoetylene  and 
polypyrrole.  In  these  systems  the  looalized  oharge  state  involves 
approximately  ten  and  four  repeat  units,  respectively.  Whether  or  not  these 
repeat  units  are  part  of  the  same  polymer  baokbone,  or  comprise  an  ordered 
intermoleoular  aggregate  involving  a  single  dopant ,,  is  unknown. 

The  issue  of  intermoleoular  order  is  an  important  one  since,  in  tl<e  final 
analysis,  it  is  the  intermoleoular  prooess  that  is  responsible  for  maorosoopic 
oharge  transport.  While  dlffioult  to  quantify,  proximity  and  registry  between 
adjaoent  looalized  states  is  advantageous  as  is  the  ability  to  intercalate 
oxidizing  (or  reduoing)  dopants.  Consequently  crystallinity,  short-range 
ohain  stiffness,  stereoregularity,  and  minimal  pendant  group  substitution  are 
believed  to  be  desirable. 

These  oriterit  are  amply  demonstrated  in  comparisons  of  the  eleotrloal 
oonduotivlty  of  polyaoetylene  or  polypyrrole  and  their  derivatives.  The 
addition  of  pendant  groups  or  copolymerization,  whioh  doesn't  alter  the 
electronic  structure  of  the  baokbone  appreoiably,  oauses  a  oonsistent  and 
often  dramatio  decrease  in  oonduotivlty.  In  other  systems  containing  large 
fused  rings,  for  example  the  polyphthalooyanines,  pyrolyzed  Kapton  and 
polyaorylonitrile,  polyvinyloarbazole,  and  polyaoene  quinones  the  lnfluenon  of 
intermoleoular  order  between  stable  oharge  oarrlers  on  oonduotivlty  oan  be 
seen . 


In  summary  there  are  a  finite  set  of  moleoular  structural  parameters  that 
are  responsible  for  the  different  degrees  of  eleotrloal  oonduotivlty  in 
organlo  polymers.  They  inolude  the  electronio  atruoture  of  the  oharge  bearing 
state,  its  size,  and  the  looal  intermoleoular  order  between  states  that 
promotes  efficient  intermoleoular  transport.  Signifloantly  this  model 
indloates  that  oorrosive  dopants  (SbPg,  A8P5,  eto.)  are  not  neoessary  and  that 
prooesaable  eleotrloally  oonduoting  polymers,  unlike  the  intraotable  materials 
currently  under  study,  oan  be  prepared. 


A  MATERIALS-BASED  APPROACH  TO  THE  PROBLEM  OP  SPACECRAFT  CHARGING 

A  suooessful  theory  or  model  should  lead  to  the  identifioation  of  new 
materials  or  phenomena  as  well  as  to  explain  the  properties  of  known  materials 
or  previously  observed  phenomena.  The  moleoular  prinolples  discussed  above 
have  in  faot  identified  new  polymer  compositions  that  are  soluble  in  organlo 
solvents,  stable  towards  atmoapherio  exposure  and  are  moderately  ( 10“^  ohm" 
oaT')  conductivity.  The  remainder  of  this  seotlon  however  describes  how  these 
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principles  gan  be  used  to  identify  or  design  materials  with  semiconducting 
C 10“ 1 2  ohnT^cm" ')  electrical  properties  and  the  requisite  properties  for 
spaoe-based  use. 


An  application  like  space-based  radar  requires  many  square  kilometers  of 
a  strong  polymer  film.  The  material  must  be  stable  towards  ionizing  radiation 
and  temperature  extremes  for  mission  lengths  of  up  to  five  years.  These 
general  principles  have  led  to  the  oonolusion  that  there  exist  short-, 
intermediate-  and  long-term  approaches  towards  identifying  the  optimum 
materials. 

The  short-term  approach  requires  the  use  of  oommeroially  available 
materials  without  reformulation  or  extensive  modification.  The  most  promising 
approaoh  involves  the  use  of  a  lightly  pyrolyzed  polyimide  film.  Whon 
oommeroial  aromatic  polyimide  films  are  heated  under  vaouum  at  temperatures  of 
from  400°  to  700°C  the  polymer  moleoulas  oondense  to  form  extended,  f used-ring 
structures  (ref.  23,24).  The  conductivity  of  the  films  is  raised  from  10"18 
ohm“'om“'  to  a  value,  dependent  of  the  pyrolysis  temperature,  of  up  to  102 
ohm" ‘om” 1 .  While  extensive  pyrolysis  will  embrittle  the  material  only  slight 
changes  are  necessary  to  arrive  at  a  value  of  10"'2  ohm"'om  •  Sinoe  the 
level  of  oonduotivity  is  variable,  the  same  basio  feedstook  oan  be  tailored, 
by  oontrol  of  the  processing  conditions,  to  fit  specific  applications. 

The  major  questions  that  must  be  answered  in  evaluating  this  approaoh 
inolude  how  does  pyrolysis  affeot  the  meohanioal  properties  of  the  polyimide 
film  and  is  the  partially  pyrolyzed  produot  stable  in  a  spacecraft 
environment.  Experimental  charging  data  in  referenoe  25  for  Kapton  samples  on 
the  SCATHA  mission  indicate  an  exponential  deoreace  in  oonduotivity  of  nearly 
two  ordera  of  magnitude  over  a  year’s  time.  The  resistivity  of  Kapton  oan 
drop  by  ten  ordera  of  magnitude  or  more  in  pyrolysis,  so  if  the  change  in 
eleotrioal  properties  observed  or  SCATHA  are  due  to  the  moeloular 
rearrangements  observed  in  pyrolysis  the  material  wll  have  to  be  stabilized  if 
a  narrow  toleranoe  for  eleotrioal  propeties  is  to  be  maintained. 

Polyaorylonitrile  undergoes  similar  eleotrioal  changes  on  pyrolysis 
described  in  referenoe  26.  The  moleoular  ohanges  are  complex  and  not  well 
understood,  but  providential,  sinoe  the  strength  retention  of  elevated 
temperatures  is  improved  and  some  intermoleoular  orosslinking  probably 
oaours.  Potential  difficulties  inherent  in  the  use  of  pyrolyzed 
polyaorylonitrile  inolude  elevated  temperature  properties,  embrittlement,  and 
stability.  Both  of  these  examples  are  off-the-shelf  materials  and 
experimental  investigation  of  the  pyrolyzed  materials,  their  eleotrioal.  and 
structural  properties,  could  begin  immediately. 

There  exist  a  wide  range  of  intermediate-term  solutions  that  involve  the 
modification  or  further  investigation  of  materials  that  are  known,  but  not 
oommeroially  available.  The  objeot  hare  is  to  improve  the  high  temperature 
performance  of  materials  that  otherwise  have  desirable  eleotrioal  properties 
or  to  provide  the  neoessary  oonduotivity  to  polymers  with  inherent  thermal  and 
meohanioal  properties. 

For  example,  materials  like  polyvinylcarbazoie  (ref.  27)  or 
polyvinyl pyridine  (ref.  28)  possess  the  neoessary  eleotrioal  oonduotivity  for 
this  application  but  meohanioally  oan  not  withstand  elevated  temperatures. 
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The  introduction  of  a  few  pendant  ionlo  groups  would  oonvert  these  polymers 
into  ionomers  that  contain  ionic  crosslinks.  The  conversion  of  polyethylene 
into  an  ionomer  raises  its  softening  temperature  by  50°  to  100°C  (ref.  29) 
which  would  be  sufficient  to  make  these  two  materials  candidates  for  space- 
based  use. 

One  approach  to  the  problem  of  long-term  stability  in  pyrolyzed  polyimide 
is  the  use  of  blends  or  moleoular  composites  (ref.  30).  The  polyimide  could 
be  blended,  either  as  a  physioal  mixture  or  as  a  oopolymer,  with  one  of  the 
high  strength/thermally  stable  organic  polymers  that  have  been  developed  in 
reoent  years.  The  structural  component  would  provide  the  meehanioal  integrity 
while  the  polyimide  pyrolysis  product  would  support  oharge  transport. 

Finally,  some  of  the  derivatives  of  polyaoetylene  (ref.  31)  and 
polypyrrole  (ref.  19)  could  be  reinvestigated.  Many  have  the  requisite 
eleotrical  properties  but  have  not  been  thoroughly  characterized  with  regard 
to  strength,  thermal  stability,  and  radiation  resistance.  Almost  all  oould  be 
reformulated  as  orosslinkable  resins  that  would  possess  the  requisite  strength 
and  thermal  stability. 

A  long-term  approaoh  to  the  development  of  materials  for  the  reduotlon  of 
spaoeoraft  oharging  would  require  the  ohemist  to  go  "back  to  the  drawing 
board"  and  combine  the  moleoular  principles  already  disouased  with  those  for 
produolng  high  strength,  thermally  stable,  radiation  resistant  polymers.  The 
principles  for  moleoular  design  of  conducting  polymers  are  Just  beginning  to 
evolve.  They  are  about  at  the  point  where  the  design  of  high  strength 
polymers  was  ten  years  ago  and  there  is  every  reason  to  believe  that,  with  the 
proper  support,  they  can  evolve  into  suooessful  commercial  technologies. 


CONCLUSIONS 

Comparison  of  the  limited  data  available  in  the  literature  concerning 
eleotrically  conducting  polymers  indicates  that  hopping  transport  between 
localized  states  is  the  predominant  conduction  meohanlsm.  Comparison  of  the 
various  ohemloal  oompositions  and  morphological  structures  has  allowed  the 
development  of  a  general  model  for  conductivity.  The  three  important  material 
characteristics  inolude  the  electronic  structure  of  the  localized  state,  its 
size,  and  the  degree  of  intermolecular  order  present.  This  model  has  led  to 
the  development  of  new  oonduoting  polymers  as  well  as  providing  a  rational 
explanation  for  existing  materials.  Speolflo  materials  or  modifications  have 
been  proposed  that  would  produoe  polymer  dlelectrlos  with  the  level  of 
conductivity  believed  neoeasary  to  reduce  spaoeoraft  oharging  phenomena  and 
have  the  requisite  thermal,  meohanloal  and  environmental  properties. 
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A  atsady-state  carrier  computer  coda,  PBCK  (Parker  Enhanced  Carrier  Kinatiaa), 
that  predicts  the  radiation- induced  conductivity  (RXC)  produced  in  a  dielectric  by  an 
electron  beaa  was  developed,  the  Model,  which  ensues*  instantly-trapped  holes,  was 
then  applied  to  experimental  measurements  on  thin  Kapton  saaples  penetrated  by  an 
electron  bean*  Neasurenents  at  high  bias  were  Hatched  in  the  nodel  by  an  appropriate 
choice  for  the  trap-nodulated  electron  nobility  (o'  “  7  x  10”* 5  n2/V-s) .  A  frac¬ 
tional  split  between  front  and  rear  currents  measured  at  sero  bias  is  explained  on 
the  basis  of  bean-scatter ing . 

The  effects  of  carrier-enhanced  conductivity  (CSC)  on  data  obtained  for  thick, 
frae-aurfaoa  Kapton  saaples  is  described  by  using  an  analytical  nodel  that  incorpo¬ 
rates  field  injection  of  carriers  fro*  the  RXC  region.  The  ooaputer  code,  UffCHAROI, 
modified  for  carrier  transport,  is  also  used  to  prediat  partial  penetration  effeats 
associated  with  CBC  in  the  unirradiated  region.  Experimental  currents  and  surface 
voltages,  when  incorporated  in  the  appropriate  models,  provide  a  value  for  the  trap- 
nodulated  nobility  (u'  -  3-7  x  10“15  n2/V-s)  that  is  in  essential  agreeeent  with  the 
RXC  results • 

X.  INTRODUCTION 

The  theoretical  studies  reported  her*  were  undertaken  to  establish  carrier 
aodels  for  the  proper  interpretation  of  experinental  data.  These  studies  provide 
conductivity  formula#  for  thin  (rsf.  1)  and  thick  Kapton  (rsf.  1,2)  sanplss  in 
slactron  beans.  ("Thin"  here  refers  to  saapls  thickness  smaller  than  or  comparable 
to  the  electron  range;  "thick"  refers  to  sanpl*  thickness  larger  than  the  electron 
rang* . ) 

The  thin-Kapton  experiments  wars  designed  to  evaluate  the  RXC  by  subjecting  s 
biased  ssaple  with  metallised  surfaces  to  s  penetrating  electron  beaa  and  measuring 
the  currants  from  the  front  surface  (bean  side)  and  rear  surface  (substrate  side), 

Xn  the  thiek-Kapton  experiments,  the  front  surface  was  not  metallised  but  was  fro*  to 
float  at  s  surface  potential  determined  by  the  balance  of  incident,  bscksostter , 

*This  paper  is  based  on  work  par f oread  under  the  sponsorship  and  technical  direction 
of  the  International  Telecommunications  Satellite  Organisation  (INTELSAT) •  Views 
expressed  era  not  necessarily  those  of  INTELSAT. 
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MOflatoy,  mA  conduction  currents.  The  thlok-Kapton  sxpsrimants  ware  assigned  to 
measure  secondary  yields  from  the  "free"  surface  and  anhanoad  bulk  conductivity,  tha 
lattar  characterising  tha  nonpanatratad  ration  (comprising  coat  of  tha  sample  thick- 
naaa).  tha  anhannaaawt  raaulta  froa  tha  praaanoa  of  additional  carrlara  auppliad 
froa  tha  irradlatad  region.  tha  aodaling  of  tha  CBC  and  of  tha  RXC  ia  tha  goal  of 
tha  praaant  atudy. 


IZ.  RADIATION- ISDOCKD  CONDUCTIVITY 

Blectron-hole  pairs  produced  by  anargatic  alaotrons  panatrating  a  dialactric 
saapla  sandwiched  between  natal  platan  can  raconbina  or  aaparata  to  bacoaa  negative 
and  posit! va  fraa  oarriars.*  These  oarriara  undergo  ona  of  thraa  ultimata  fates t 

a.  While  fraa*  they  can  exit  tha  saapla  by  "drifting"  under  tha  influenos  of  an 
alaotrio  field  (applied  plus  spaoa  charge)  or  by  "diffusing"  (randon  walk)  to  one  of 
tha  plates. 

b.  They  can  "fall  into"  (be  captured  by)  a  deep  trap  (localised  state)  with 
energy *  wall  below  tha  fraa  electron  level.  This  process  effectively  ianobi lisas 
than,  but  thair  presence  contributes  to  tha  space  charge. 

o.  they  can  vanish  by  recombining  with  ah  already  captured  ianobi la  carrier  of 
the  opposite  sign*  also  eliminating  tha  trapped  carrier. 

rata  (b)  can  be  modified  by  the  thermal  release  ( "datrapping" )  of  tha  trapped 
carrier.  The  probability  of  datrapping  depends  on  temperature*  alaotrio  field*  and 
trap  energy,  h  free  oarrier  can  undergo  a  series  of  trapping  and  datrapping  events 
(more  probable  with  shallow  traps  than  with  deep  traps)  until  it  is  eliminated  by 
fate  (a)  or  fate  (b)  above,  rate  (c)  can  also  include  recombination  with  a  fraa  car¬ 
rier  of  the  opposite  sign*  but  this  option  is  much  less  probable  than  recombination 
With  tha  much  more  numerous  trapped  carriers.  Tha  notation  used  in  this  study  is 
defined  as  follows i 

p*  n  ■  concentrations  of  free  holes  and  free  alaotrons 

Pf*  nf  ■  concentrations  of  trapped  holes  and  alaotrons 

Dp*  Dfc  ■  diffusion  coefficients  for  free  holes  and  alaotrons 
H,  u  *  mobilities  for  frse  holts  and  alaotrons 

Rj  ■  recombination  coefficients  (cm3/*)  for  free  holes  with  trapped 
alaotrons  and  fraa  alaotrons  with  trapped  holes 

Pg,  H;  *  concentrations  of  neutral  hole  traps  and  neutral  electron  traps 
B  ■  alaotrio  field  intensity 
\  «  alaotrio  potential 
a  <*  magnitude  of  electron  or  hole  charge 

0  ■»  production  rata  of  elaotron-hola  pairs  (par  unit  volume)  associated 
with  ionisation  dote  rate  (a* ) 

H  ■  deposition  rats  of  Injected  carriers  (axesss  charge  assumed  hare  to 
be  electrons  only) 
e  -  dialactric  permittivity 


"The  terms  "hole"  or  "positive  free  carrier”  used  hare  do  not  necessarily  convey  the 
seme  meaning  as  in  semiconductor  theory.  They  denote  temporally  stable  positive 
charge  sites i  in  acme  dielectrics,  this  uncompensated  positive  charge  is  mors  likely 
than  a  negative  charge  site  to  migrate. 
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Tp,  Tjj  -  Man  lifetimes  of  £em  ho  las  and  alaotrona  in  tha  conduction  band 

(i.a. ,  tiM  interval  batwaan  introduction  and  trapping  or  "trapping 
tiaaa") 

t+,  t_  »  Man  lifatiMS  of  trapped  holes  and  electrons  (i.a.,  tiM  between 
trapping  and  release  or  "detrapping  tiMS") 

Fp»  Fn  -  fluxes  of  holes  and  electrons 

Jp,  Jn  ■  current  densities  of  holes  and  electrons  (J  -  aF). 

The  transport  and  Poisson  equations  are  sat  up  in  standard  fashion  (raf.  3-6) 
with  appropriate  boundary  conditions  and  approximations  nade  to  help  solve  the  systen 
of  differential  equations.  Tha  complete  formulation  is  given  in  reference  7. 

In  our  preliminary  work  on  Kapton,  we  nade  tha  following  simplifications  to  more 
easily  understand  the  carrier  kinetics.  One  simplification  is  the  use  of  a  steady- 
state  solution.  Me  also  assume  that  tha  holes  are  instantly  trapped  (and  not  re¬ 
leased)  and  that  tha  electrons  are  not  deeply  trapped  (at  most,  shallowly  trapped  and 
detrapped).  Thus,  tha  electrons  may  be  considered  quasi- tree,  but  the  trapping/ 
detrapping  effects  inhibit  their  notion,  which  is  described  by  replacing  the  true 
mobility  y  by  a  much  smaller  "trap-modulat!bd"  effective  mobility  y* .  This  leads  to 
the  following  system  of  equations  (ref.  7)t 


p  ■  nr  -  0  (no  holes  or  deeply  trapped  electrons) 


(1> 


3tp 

— —  -  0  (no  hole  migration) 

9x 

G 

Pt  ■  —  (trapped  hole  profile) 
nR2 

—  -  H  (electron  flux  gradient) 
3x 


(2) 


(3) 


(4) 


d2V  e 

-  «  -  (n  -  py>  (5) 

dx2  c 

Me  define  E  ■  -dV/dx  and  arrive  et  the  expression 

UkT  d2n  dn  ye  /a  \ 

- - ME  —  +  H  +•  —  j - n2)  -  0  (6) 

e  dx2  dx  t  V Rj  J 

The  first  bare  is  associated  with  electron  diffusion,  ths  second  with  electron  drift, 
the  third  with  electron  deposition,  end  tha  fourth  with  spaca  charga.  Thasa  aqua¬ 
tions  may  ba  solvad  by  nuMrical  intagratlon,  aubjact  to  boundary  conditional 

n  ■  0  it  x  •  0  and  L  (diffusion  boundary  condition) 

V  ■  0  it  x  ■  L  (groundad  substrata) 

V  »  V*  at  x  -  0  (appliad  biaa  voltage) 
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If  injection  occurs*  one  of  the  latter  two  conditions  above  is  replaced  by  a  pre¬ 
scribed  value  of  dV/dx  at  the  injection  contact. 

The  aethod  of  solving  differential  equations  (5)  and  (6)  used  here  employs  an 
iterative  process.  Enforcement  of  the  above  boundary  conditions  is  accomplished  by 
starting  at  x  ■  0  with  initial  values  n  *  0  and  V  =  V^,  and  with  estimated  values  of 
dn/dx  and  dV/dx.  The  differential  equations  are  then  stepped  to  x  =  L  with  the  in¬ 
tention  of  hitting  n  ■  0  and  V  =  0  there  as  the  "target"  values.  If  these  targets 
are  not  hit,  we  start  again  at  x  *  0  with  readjusted  values  for  dn/dx  and  dV/dx.  If 
injection  occurs,  the  initial  or  target  conditions  are  suitably  modified.  This  pro¬ 
cedure  is  implemented  in  the  computer  code  PECK.  Under  most  conditions,  the  task  of 
achieving  the  "converged"  solution  is  not  trivial,  since  there  are  two  free  starting 
variables.  The  solutions  obtained,  however,  provide  insight  into  the  excess  charge 
and  electric  fields  in  an  irradiated  dielectric. 

III.  APPLICATION  OF  THE  RIC  MODEL  TO  THE  THIN-KAPTON  EXPERIMENT 

This  section  presents  am  implementation  of  the  trapped-hole  RIC  model,  sample 
solutions,  and  a  comparison  of  the  model  with  experimental  results. 

The  collected  currents  in  the  RIC  experiment  described  below  ( and  in  ref.  1) 
were  not  symmetric  with  respect  to  applied  bias.  Therefore,  the  conductivity  in¬ 
ferred  from  these  data  was  found  to  be  polarity  dependent.  Moreover,  at  zero  bias, 
the  rear  current  was  observed  to  be  larger  than  the  front  current.  (This  possibility 
had  been  predicted  theoretically  for  sufficiently  high-beam  energies  by  Oliveira  and 
Gross  (ref.  8),  amd  was  seen  in  experiments  on  mica  by  Spear  (ref.  9).  Oliveira  and 

Gross  predicted  total  current  collection  at  the  rear  contact  when  the  beam  voltage 

exceeded  35  keV.  Aris  et  al.  (ref.  10)  considered  the  Oliveira  amd  Gross  theory  as 
well  as  the  Spear  experiments,  but  they  did  not  address  the  question  of  why  they  dif¬ 
fer  on  the  ti-r-front  current  split.  The  question  is  resolved  in  this  study:  the 
current  split  is  associated  with  the  degree  of  beam-scattering  in  the  sample .  The 
polarity  dependence  found  in  the  RIC  experiment  is  also  explained  here,  by  consider¬ 
ing  carrier  injection,  internal  fields,  and  spatially  varying  conductivities. 

A.  Experimental  Data  for  Thin  Kapton  Samples  (6.4  tan) 

Figures  1  and  2  show  variations  in  the  front  amd  rear  current  densities,  J-|  and 

J2»  with  varying  net  incident  beam  currents  for  fixed  biases  (±196  V  and  ±45  V) 

applied  to  the  front  surface.  Here,  Jg  denotes  the  beam  current  density,  less  the 
backscatter  and  secondary  emission  from  the  front  surface .  This  can  also  be  con¬ 
sidered  the  net  beam  current  entering  the  sample.  The  beam  energy  is  28  keV.  Elec¬ 
trons  moving  toward  the  right  are  considered  positive  current.  The  superscript 
denotes  the  sign  of  the  bias  that  has  been  applied  to  the  front  contact  (number  1). 
Since  and  J2  can  exceed  Jg,  a  source  of  electrons  other  than  the  beam  must  be 
invoked. 


B.  Primary  Current  and  Deposition  Curves  from 
Theoretical  Transport  Model 

By  the  uiie  of  a  Monte  Carlo  transport  code,  tabulations  were  made  of  the  parti¬ 
cle  and  energy  fluxes,  which  were  then  fitted  as  analytic  functions  of  depth  and  net 
Incident  energy  (ref.  1).  The  curve  shown  in  figure  3  is  the  percentage  of  incident 
flux  F  vs  depth  x.  This  percentage  is  normalized  to  represent  the  fraction  of  a 
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1  nA/cm2  28-keV  incident  bean  that  has  penetrated  to  depth  x  in  tha  sample.  At  tha 
aurfaoa  (x  -  0),  tha  value  la  0.934,  tha  fraction  0.066  having  haan  loat  to  back- 
■cattar.  (Tha  aacondary  emission  has  baan  ignored  hara  ainca  it  la  nagligibla  for  a 
high-ana rgy  baaa.)  The  primary  flux  falls  off  nonotonically  to  0.023  at  6.4  l*. 

Figure  4  shows  tha  doan  rata  (O' )  in  rada  va  depth,  obtain**  from  the  derivative 
of  tha  energy  flux  aa  a  function  of  x  (not  shown) ,  and  tha  exoeaa-charg*  dapoaition 
rata  (H)  obtained  from  the  derivative  of  tha  primary  flux  ahown  in  figure  3.  Thaaa 
two  functiona  ara  similar  to  those  plotted  by  Mateuok*  at  al.  (raf.  11)  in  normalised 
form.  The  average  and  pear  values  of  O'  are  2,900  and  3,700  rad/a,  respectively. 

The  average  and  peak  values  of  H  are  0  14  and  0.21  nA/pm,  respectively,  (Here,  G 
denotes  doae  rate,  while  «  denoteu  pair  production  or  generation  rate.) 


C.  Parameters  of  tha  Model 

Xn  the  preliminary  solutions  of  equations  (5)  and  (6)  that  follow,  for  sim¬ 
plicity,  constant  values  of  O'  and  H,  2,900  rad/a  and  0.16  nA/iM,  respectively,  have 
baan  assumed.  Tha  assumed  constant  deposition  function  H  corresponds  to  e  psna- 
trating  flux  that  decreases  linearly  with  dapth  (extreme  scattering),  which  helps  In 
making  analytical  approximations.  Ths  following  parameters  wsre  also  ussd  to  model 
tha  experiment  in  tha  PECK  codes 

L  *  thickness  *  6.4  x  10”6  a  •  6.4 

kT/e  at  room  temperature  -  25  mV 

Ja  -  nominal  beam  currant  -  10”5  A/m*  -  1  nA/cm 

(rB  •*  flux  -  6.25  x  1013  electrons/*2-*) 

C  ■  permittivity  ■  3.4Cq  *  3.4  X  0.8C4  X  10 
-  3.0  x  10"11  P/m 

G  -  pair  generation  rate  -  3  x  102V*3-* 

■  3  x  1015/cm3-e 

Ro  ■  recombination  coefficient  for  free  electrons 
with  trapped  holsa  *  10“13  m3/s  -  10"7  om3/a 
\i  ■  mobility  -  variable  (in  *2/V-s). 

Tha  generation  rata  la  baaed  on  our  own  tranaport  calculations  and  on  values 
found  in  tha  literature.  Por  a  28-kaV  baaa  of  currant  density,  1  nA/om-*,  a  mean  doae 
rata  of  2.900  rad/e  in  tha  6.4-um  Kapton  sample  was  oalculated.  Por  a  density  of 
1.43  g/om3,  this  doae  rate  translates  to  2.6  x  1017  eV/cm3-a.  How,  ahooaing  the 
energy  par  hole-electron  pair  (raf.  12)  to  be  100  aV  yields  a  -  2.6  x  10^  pairs/cm3- 
a.  Rounding  this  to  3  x  1015  pairu/om3-a  yields  tha  valua  also  used  by  Hughes  for  a 
SiO,  photoconduction  problem  (raf.  4,5).  The  recombination  coefficient  ia  taken  to 
be  Rj  *  10"7  cm3/s»  hence,  T/R 2  *  3*^  x  lO22/®*6  ■  3,0  *  10  /m  . 

XV.  PRELIMINARY  SOLUTIONS  FROM  THE  TRAPPBD-HOLE  RIC  MODEL 
A.  Zero  Bias  and  Excess  Charge  Deposition 

- - -  i 

To  gain  experience  and  test  the  results,  the  computer  aodel  was  testad  for  ths 
simplest  cases  first.  The  first  sat  of  conditions  included  the  use  of  constant  0 
and  K,  no  carrier  injection  from  the  contact*,  and  saro  bias*  Figure  5  illustrates 
the  results  under  these  conditions.  Ths  average  excess  electron  concentration,  n, 
exceeds  the  trapped  hole  concentration,  and  u  negative  potential,  V,  results  inside 
the  dielectric.  The  symmetry  seen  in  fig.  5  is  to  be  expected  with  the  above 
conditions. 
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A  series  of  runs  ms  carried  out,  varying  ths  value  of  Mobility,  u>  For 
u  >  0*88  x  10"®  r2/V-«,  ths  sxosss  electron  population  drains  until  a  positive  poten¬ 
tial  within  the  dielectric  establishes  equilibrius  with  the  incident  electron  bees. 
For  u  <  0.88  x  10“®  w3/V-s,  a  negative  internal  potential  (fig*  5)  develop*  to  posh 
out  enough  electrons  to  establish  equilibrium  with  the  boaa-daposited  electrons*  as 
will  be  seen  later,  values  of  m  are  such  less  than  10”®  s2/V-s,  so  that  a  significant 
negative  potential  is  expected  within  the  bulk  of  a  dielectric  in  an  electron  bean, 
this  negative  internal  potential  would  prevent  injection  of  electrons  from  the  con¬ 
tacts  into  the  dielectric.  Our  assumption  of  immobile  holes  prevents  hole  injection. 

The  electron  fluxes,  F  for  the  priaary  flux  fros  the  bees,  Fqq  for  the  diffusion 
+  drift  flux,  and  ffOV  <*•  F  +  Fgg)  provide  s  50-50  split  in  the  front  and  back  con¬ 
tact  currants  )*7|  |  -  Ijj).  No  change  in  bees  current  density  Jg  or  in  carrier 
Mobility  will  alter  this  balance.  However,  a  change  in  the  shape  of  o  and/or  H  will 
affect  it.  If  H  shifts,  depositing  aors  charge  in  the  rear  of  the  file,  the  beak 
current,  Jj,  will  increase.  If  0  shifts  so  that  dapeaitad  enargy,  ionisation,  and 
conductivity  is  increased  in  the  front  half  of  the  fllM,  the  front  current,  J1 ,  will 
increase.  Both  shifts  ars  naoassary  to  bring  tha  nodal  into  closer  agreement  with 
the  experimental  conditions  (depicted  in  fig*  4).  Sines  the  results  of  these  shifts 
are  in  opposition,  tha  relative  importance  of  0  and  H  are  indicated  by  the  experi¬ 
mental  data  showing  |j}|  >  |j^|.  Xf  a  nonlinsar  (cubic)  form  for  H  is  used  to  better 
approximate  the  actual  value  from  tha  28-kaV  beam,  the  resultant  distributions 
(charge,  potential,  and  so  on)  will  be  similar  in  shape  and  magnitude  to  tha  linear 
oasa.  However,  an  asymmotry  sufficient  to  causa  «  66/34-paroant  split  between  the 
baok/front  contact  currents  occurs.  (The  no-scattering  approximation,  which  aasivnas  . 
no  charge  deposition  exaept  at  tha  end  of  range,  provides  for  total  current  collec¬ 
tion  at  the  back  contact  with  sufficiently  high-bsam  energies,  as  described  in 
ref.  8.) 


Xn  the  sero-bies  case,  the  internal  potential  established  oy  H  is  mors  important 
than  tha  conductivity  created  by  o,  but  as  bits  is  spplisd,  ths  situation  changes. 

Ths  fisld  of  an  applied  bias  can  exceed  that  generated  by  the  trapped  charge  insult¬ 
ing  from  H.  As  the  externally  applied  field  gets  larger,  tha  conductivity  provided 
by  a  has  the  greatest  effect  on  the  internal  potential  profiles  and,  therefor*,  on 
the  current  distribution. 

The  net  current  out  of  a  film  ( | Jj |  '  +  |ja|)  must  equal  tha  total  currant  into 
tha  film  (Jg)  if  no  bias  Is  applied.  The^ shapes  of  0  and  H  will  alter  tha  relative 
currants  to  tha  two  contacts  (Jj  and  Jp).  Only  if  a  bias  is  applied  and  injection  of 
carriers  from  one  or  both  contacts  occurs  esn  either  Ji  or  Jg  exceed  Jg. 

1.  200-V  Bias  and  Excess  Chirg*  Deposition 

Experimental  results  of  the  penetrating  electron  bean  on  a  thin  Kapton  la  with 
a  bias  voltage  (1198  V)  applied  (fig.  1)  showed  that  all  currents  exceeded  the  beam 
current  Jg,  and  tharefor*  that  injection  of  one  form  or  another  must  be  invoked.  A 
computer  fit  was  made  to  the  experimental  data  with  our  simplified  model  (H  and 
$  constant),  with  high  carrier  injection  from  the  contacts  assumed,  and  with  a  +200  v 
biaa  applied  to  ths  front  surface,  the  bean  currant  deposited  into  the  fils  ms 
Jg'  -  1  nA/oa 3>  from  Figure  1,  Jj  and  Jj  are  -4.4  and  3.4  nA/ca3,  respectively. 

the  results  of  ths  fit  ars  shown  in  figure  8.  The  high  elaotron  concentration 
adjacent  to  the  negative  contact  extends  into  the  bulk  of  the  film  and  dominates  the 
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beta-deposited  charge  through  Much  of  the  dielectric.  Ths  affaotiva  Mobility  neces¬ 
sary  to  fit  tha  Modal  raaulta  to  experimental  raaulta  was  h'  «  7  x  10“15  a2/V-a. 

This  value  nuat  ba  conaidarad  oruda  bacauaa  tha  aodal  did  not  Match  tha  axpariMantal 
oonditiona  well;  some  conatanta  [Rj  and  o  froa  eq.  (5)]  ara  valuaa  for  SiO^j  and  tha 
injection  rapraaantad  ia  an  extreme.  Daapita  ainplification  of  tha  Model,  aoaa  uaa- 
ful  pradictiona  can  ba  Made.  The  curvature  of  tha  potential  within  tha  filM  raflaota 
tha  ahapa  aaan  in  figure  5  for  tha  zero-bias  case*  At  aone  poaitive  biaa,  tha  alopa 
of  thia  curve  ia  aero  (dV/dx  «  0)  at  tha  back  contact;  at  some  negative  biaa, 
dV/dx  -  0  at  tha  front  contact.  As  the  bias  is  varied  through  these  critical  points, 
the  potential  gradient  reverses  as  does  the  current  at  that  contact.  The  syaaetry  of 
tha  siaplifying  assumptions  predicts  a  syaaetry  in  tha  forward  and  reverse  biaa  re¬ 
sults  of  tha  Modal.  However,  tha  experimental  results  indicate  Mora  currant  flows 
whan  negative  biaa  ia  applied  to  tha  front  surface  than  when  a  positive  bias  is 
applied.  The  shape  of  G  and  H  aust  therefore  be  inportant.  The  deposited  charge  and 
ionisation-induced  conductivity  are  significant  relative  to  tha  bias-injected  charge 
under  the  teat  conditions.  Xf  this  is  the  caae,  when  the  biaa  voltage  is  reduced, 
the  effects  of  G  and  H,  relative  to  tha  affects  of  bias  magnitude  and  polarity, 
should  increase. 


C.  *45-V  Bias  and  Excess  Charge  Deposition 

Experimental  data  are  available  for  the  lower  biaa  situation  (fig.  2).  When 
compared  with  figure  1,  it  is  seen  that  at  the  higher  beam  currents,  one  of  the 
contact  currents  (J^)  reverses  and  aroases  tits  J  ■  0  axis,  as  predicted  by  the  node! 
(see  above).  At  even  lower  bias  voltages,  J?  would  also  be  expected  to  cross  over 
the  J  -  0  axis.  This  crossover  results  from  a  deposited  charge  that  establishes 
fields  which  oppose  and  exceed  the  field  created  by  the  applied  bias.  Since  values 
of  conductivity  are  experimentally  determined  from  the  measured  currents  and  applied 
voltages,  care  must  ba  taken  in  dieleatrios  where  internal  fields  can  be  reversed 
(and  Maintained)  by  thn  presence  of  excess  (or  trapped)  charge.  Assumptions  about 
uniform  fields  and  conductivities  in  electron-bean  irradiated  dielectrics  are  only 
valid  under  special  conditions  (e.g.,  if  the  bean  intensity  is  low  enough,  the  de¬ 
posited  charge  will  not  greatly  alter  the  potential  profile  compared  to  the  effeat  of 
the  bias).  In  figure  2,  the  beam  current  density  of  0.65  nA/om*  ia  adequate  to 
create  a  field  at  the  back  contact  equal  to  that  created  by  the  +45-V  bias  on  the 
6.4-ua  sample  (hence,  no  current  flows  in  this  rsgion).  Xf  no  currant  is  detsoted 
(J2  -  0)  and  if  uniform  fislds  ars  assumed,  it  could  sppear  that  tha  conductivity  la 
aero.  Thi*«  is  obviously  not  tha  asse.  Similarly,  under  different  oonditiona,  inter- 
prstation  c*  other  effects  (such  as  fisld  and  doss  depandance)  can  be  incorrect. 

This  study  concludes  that  Measurements  of  RXC,  field-enhanced  conductivity,  and 
dose -dependant  effects  are  unreliable  in  electron  bean  experinmnts  without  a  proper 
model  that  reveals  ths  internal  potential  profiles.  Bvon  irradiation  with  gamma-rays 
is  a  problem  because  of  ths  affects  of  knock-on  and  back-scattered 
electrons  (ref.  13). 


D.  Discussion  of  RIC  Rssults 

Several  important  facta  emerged  from  tha  interpretation  and  modeling  of  the  RXC 
experiment.  First,  injection  of  osrrisrs  from  ths  contacts  must  be  considered,  at 
least  in  Kepton  with  gold  contaotr  (sons  matsrisls  and  soma  contacts  night  not  permit 
injsotion).  Second,  with  so  many  unknowns  in  tha  modal,  to  dstarmino  material  param¬ 
eters,  it  is  necessary  to  have  as  many  experiments  that  vary  tha  independent  vari¬ 
ables  as  there  ars  unknowns  to  be  found,  simplified  computer  models  are  vary  useful 
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in  predicting  the  types  of  offsets;  however ,  more  realistic  values  for  G  and  n  must 
be  inserted  to  obtain  realistic  and  quantitative  values  for  the  material  parameters 
sought. 


A  brief  recapitulation  of  the  important  factors  in  the  model  and  experiment 
follows. 


a.  Assumptions  about  mobile  negative  charge  and  deeply  trapped  positive  charge 
seem  to  fit  the  data  for  Kapton. 

b.  Depositing  negative  charge  (with  low  mobility  after  deposition)  means  tiiav 
a  negative  potential  is  created  in  the  bulk  of  the  dielectric. 

o.  With  applied  bias,  injection  of  negative  charge  from  the  negative  contact 
into  the  dielectric  is  required  to  fit  the  data. 

d.  the  potential  profiles  in  a  film  depend  on  the  amount  of  charge  deposited 
from  the  beam,  injection  from  the  contacts,  local  conductivity,  and  extarnal  bias 
(fig.  4-6);  they  ara  seldom  linear. 

e.  Because  of  nonlinearitiea  in  charge  deposition  (H),  carrier  generation  from 
energy  deposition  (0,  which  affects  conductivity),  and  internal  potentials,  V(x), 
external  currents  nay  be  dominated  by  anall  regions  of  ths  dielsctric.  Material 
parameters  cannot  ba  accurately  determined  without  accounting  for  these  effects. 

Two  additional  faatora  help  explain  ths  experimsntal  data;  these  are  described 
here  more  fully. 

V  i 

f.  Contact  currents  and  can  be  brokon  into  components  Ji and  Jy  f2> 
which  ara  composed  of  charge  from  the  baas  and  charge  injected  from  one  contact  or 
the  other.  Figure  7  contains  tv~  sets  of  ourrent  density  components  ibeam  generated 
and  bias  generated)  for  the  simplified  model,  in  cases  of  no  applied  bias,  the  beam- 
gegeratad0oontaot  currents  | 2 1  ***  •<jual,  since  Q  and  H  are  uniform.  In  addition, 
jjll  +  |jjj|  *  JBr  an<*  n<>  injected  component  is  present,  with  applied  bias  V,  ths 
beam-generated  currents  shift  so  that  |a^|  *  I t  but  they  still  add  up  to  jb,  in- 
jjetio^  currents  (jj#2  ***  *he  dotted  line)  flow  from  the  negative  contact  and 

Jy  -  Jj.  (Tha  convantion  used  here  is  that  positive  currents  are  described  by  elec¬ 
trons  moving  to  the  right  in  figure  1,  therefore.,  injected  currents  have  the  same 
sign  and  the  beam-generated  currents  have  opposite  signs.)  The  total  contact  cur¬ 
rents  ara  tha  sums  of  the  components  i  <i“  -  J*  *  J)  ;  jjj  «  Jj  +  Jj  .  Figure  7  shows 
the  results  of  no  bias  applied  and  negative  bias  applied  to  the  front  (number  1) 
contact.  Because  of  the  assumptions,  the  same  positive  bias  applied  to  the  front 
contact  would  result  in  «  -Jj  and  Jj»  - 

Figure  8  shows  the  component  current^  for  a  smaller  positive  bias.  Ths  negative 
values  of  the  current  suss  ■  -(J*  +  Of;)  and  -jJ  »  -(J2  +  J.)  are  displayed  to 
make  comparison  with  figures  1  and  2  easier.  The  reason  for  the  -Jj!  crossover  may  ba 
easily  seen  frog  the  summation  of  its  components.  Again,  reversing  the  bias  polarity 
provides  Jj  -  J2  and  tot  this  simplified  model. 

The  condition  1*7^1  +  (jjl  *  requires  that  |j^  2!  i.  JB*  figure  7  illustrates 
ths  basis  for  dsfining  bias-dominated  and  beam-dominated  regions.  At  a  given  bias, 
low-beam  currents  do  not  significantly  alter  the  applied  fields.  However,  with  high- 


beam  arTrents,  the  deposited  charge  generates  fields  greater  than  those  from  the 
applied  bias,  at  which  point,  charges  also  flow  toward  the  negative  contact  and  the 
dielectric  becomes  beam  dominated  (fig.  8). 

The  total  current  density  curves  in  figures  7  and  a  are  symmetric  with  positive 
and  negative  applied  bias.  Experimental  results  in  figures  1  and  2,  however,  do  not 
display  this  symmetry.  The  asymmetry  seen  in  those  figures  is  e  result  of  nonuniform 
ionization  and  charge  deposition  profiles  (G  and^K  in  fig.  4).  Part  of  the  effect 
result*_from  the  higher_bacV  contact  current  >  Mil  zero  bias),  which  will 

make  Mil  >  ( J 1 1  and  Mil  >  l^l'  However,  differences  observed  in  the  experiments 
date  are  too  great  to  be  explained  by  this  effect  alone.  An  important  additional 
effect  involves  the  field  injection  of  charge  into  the  region  of  lower  ionization 
near  the  beck  contact.  To  account  for  the  experimental  results,  more  electrons  must 
flow  from  the  irradiated  bulk  (under  negative  front  bias)  than  f.om  the  metallic 
contact  (under  positive  front  bias).  The  data  base  As  r.ot  adequate  to  determine  if 
the  difference  is  dominated  by  different  field  strengths  in  file  injection  region 
(with  bias  reversal)  or  by  different  charge-relcaase  mechanise**  (irradiated  dielectric 
vs  ns*. .--.I  contact) . 

g.  The  apparent  maturation  of  injection  current  (fig.  7  and  (*)  is  nttribu  ad 
primarily  to  a  change  from  an  n  to  an  nV?  dependence  of  conductivity  with  an  in~ 
creasing  beam  current  (ref.  12). 

With  increasing  carrier  generation,  the  principal  loss  mechaniam  of  electrons 
changes  from  shallow  traps  to  recombination  with  trappsd  holes  (ref,  12),  Other 
effects,  which  make  an  actual  determination  of  conductivity  dependence-on-done  vsrj, 
difficult,  are  reduced  c&rrie-  generation  near  the  rear  contact  (when  the  real  beam 
profile  is  usod»  see  fig.  4)  and  the  injection  of  carriers  into  this  region  from  the 
tear  contact  or  from  tho  bulk  of  the  dleloctric.  The  fact  that  the  observed  col- 
laotad  currents  are  higher  when  e  negative  voltage  is  applied  to  tho  frc.it  contact 
than  when  a  positive  voltage  is  applied  suggests  the  possibility  that  injection  from 
an  irradiated  region  of  the  dielectric  1*  greater  than  that  from  a  matnlliu  contact. 

V.  CARRIER-ENHANCED  CONDUCTS VITT  STUDIES  -  PARTIAL  PENETRATIONS 

Carrier-enhanced  conductivity  (CEJC)  is  almost  a  tautological  phvese,  since  all 
conductivity  requires  carriers  end  any  increase  in  aarrier  concentration  will  enhance 
conductivity.  Radiation- induced  conductivity,  f i« ld-anhanoed  conductivity,  and 
thermally-stimulated  conductivity  are  all  forms  oi?  increased  conductivity  resulting 
from  increased  aarrier  concentrations.  However,  we  reserve  the  phrase  "carrier- 
enhanced  conductivity"  for  specific  cases  in  which  extra  uarviern  are  introduced  from 
a  contact  or  from  an  adjaaent  irradiated  (RXC)  region.  Because  jf  space  aharge 
limitations,  we  assume  that  the  number  of  extra  carriers  injected  from  a  metal  con¬ 
tact  or  from  a  RXC  region  is  not  large  enough  to  alter  the  oarrier  mobility  or  to 
deviate  from  a  shallow-trap  controlled  dependence  (that  is,  recombination  with  posi¬ 
tive  trapped  charge  can  be  neglected).  The  main  reason  that  thia  small  number  of 
carriers  may  be  important  is  that  in  high  field  regions,  conductivities  may  be  very 
low  after  enough  time  has  elapssd  to  drain  free  or  easily  excited  carriers  from  the 
dialoctric.  unless  external  charge  or  ionising  radiation  are  introduced  to  provide 
more  carriers,  the  conductivity  of  a  dielectric  in  a  field  can  decrease  by  orders  of 
magnitude  in  a  few  hours.  In  the  previous  section,  we  discussed  dielectrics  with 
carriers  introducsd  nonuniforraly  by  ionising  radiation.  The  offects  of  aharge  in¬ 
jection  from  contaats  or  migration  of  charge  from  adjacent,  heevily  ionised  regions 
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were  observed  in  the  lose  heavily  ionized  regions.  Such  effects  are  probably  even 
wore  important  in  regions  of  low  free-carrier  concentrations  (for  example,  nonirradi- 
ated  or  high  field  regions). 

Tw  approaches  were  used  to  study  the  CBC  problem  affecting  conduction  in  the 
unirradiated  region.  In  one  approach,  the  UfPCHARGE  computer  program,  capable  of 
treating  fixed  front-surface  biases  and  carrier  kinetics,  was  applied  to  partial 
penetrations  of  thir.-Kapton  samples  and  compared  with  experimental  results  (ref.  7). 
In  the  other  approach,  an  analytical  model  with  field  injection  from  the  Ric  region 
was  used  to  determine  mobility  in  the  unirradiated  region  (ref.  14).  Additional 
results  from  both  approaches  are  discussed  below. 

A.  LWPCHARQE  Code  Results  for  Partial  Panetratlono 

Carrier  kinetics  were  included  in  the  code  by  assuming  the  conductivity  to  be 
-p'pr  whexto  y 1  is  the  mobility  and  p  is  the  excess-charge  density  deposited  by  the 
primary  beam,  therefore,  the  drift  contribution  to  the  current  is  determined  by 
multiplying  this  conductivity  by  the  electric  field  intensity.  Diffusion  was 
neglected  (as  in  ref.  3).  The  dose  and  excess  charge  deposition  rates  were  computed 
by  using  the  Monte  Carlo  transport  code  (ref.  1)  as  in  figure  4. 

Thu  following  partial  penetration  results  were  obtained  for  the  6.4-|sn  thin 
Kapton,  using  1  nA/cm2  beaus  of  energies  5,  10,  15,  20,  and  28  keV,  with  zero  bias  on 
tht  sample.  The  mobility  was  assumed  to  be  y*  -  10“15  m2/V~s. 

for  each  beam  energy,  table  1  shows  the  range,  substrate  current  J2,  potential 
minimum  Vn,  position  Xg,  of  the  minimum,  and  the  approximate  time  scale  foi  the  tran¬ 
sient.  we  sea  that  the  substrate  current  becomes  significant  when  the  range  is 
greater  then  about  half  the  sample  thickness.  (This  "threshold  effect”  is  in  accord 
with  the  literature.)  The  potential  minimum  becomes  deeper  ae  deeper  penetration 
occurs  but  starts  to  weaken  after  the  sample  has  been  penotrated.  its  position 
progresses  from  zero  to  the  midpoint  of  the  sample  with  increasing  beam  energy.  The 
time  scale  for  establishing  equilibrium  is  longest  for  the  low-energy  beam  (about 
20,000  s)r  the  time  diminishes  as  the  beam  energy  (and  depth  of  penetration) 
increases. 

Experimental  results  of  electron  beams  on  6.4-ym  Kapton  (normalized  to  1  nA/cm2 
incident  beam  currents,  assuming  proportional  scaling  for  small  differences  in  beam 
current)  are  shown  in  table  2.  (Comparing  these  results  with  those  of  table  1  indi¬ 
cates  close  agreement  of  <Jj  in  the  case  of  penetrating  beau  (28  keV)  and  poor  agree¬ 
ment  in  cases  of  the  lower  energy  beams.  However,  the  choice  of  y'  «  10"’ 5  m2/V-s  in 
the  computer  model  is  probably  low  by  a  factor  of  three  (as  seen  in  the  next  section) 
to  seven  (as  seen  in  Subsection  IV  B).  V  mobility  is  increased  by  a  factor  of 
three,  the  current  collected  the  back  contac „  in  the  15-keV  case  should  also 
increase  in  magnitude,  thereby  coming  into  closer  agreement  with  the  experimental 
value  (-0.12  nA/css2).  Th*  time  scales  should  be  reduced  by  nearly  a  factor  of 
three  (ref.  6),  and  the  resulting  -900-  end  300-s  theoretical  values  are  in  muah 
oloeer  agreement  with  the  400-  and  175-a  experimental  values  for  15-  and  28»keV 
beams,  respectively.  *f  the  higher  value  of  Nobility  (y*  ■  7  x  10'15  m2/V-s)  is 
used,  the  calculated  results  are  even  closer  to  the  experimental  results. 

The  fact  that  th«  model  1  if  y*  -  3-7  x  10"15  m2/V-s)  is  in  such  close  agreement 
with  experimental  renal ts,  even  without  a  iif fusion  contribution  of  carriers  to  the 


unirradiated  region,  indicates  that  (at  least  for  low  bean  current  densities)  dif¬ 
fusion  nay  be  unimportant  compared  to  the  field-assisted  drift  of  charge  from  the 
irradiated  region.  Before  this  statement  can  be  confirmed,  more  comparison  with 
experimental  data,  a  better  modeling  of  the  mobile  carrier  concentration  in  the  R1C 
region  (to  include  ionisation  from  the  beam),  and  a  successful  incorporation  of  a 
diffusion  term  into  the  model  must  be  carried  out.  However,  in  contrast  to  semi¬ 
conductors  (for  which  diffusion  is  significant),  the  diffusion  of  carriers  in  di¬ 
electrics  should  be  small  compared  to  the  drift  field  injection,  since  free  carrier 
concentrations  and  mobility  are  extremely  low  in  dielectrics.  Since  field  injection 
dominates  diffusion  and  since  diffusion  could  only  have  an  effect  in  a  charge- 
depleted  region  v chat  is,  in  a  strong  field  region  where  field  injection  is  more 
important),  charge  diffusion  in  dielectrics  might  reasonably  be  neglaated. 

B.  Analysis  of  Thick  Kapton  Samples 

In  the  thin  Kapton  samples  analyzed  above,  the  conduction  processes  are  domin¬ 
ated  by  radiation-induced  conductivity,  with  space-charge  effects  playing  a  lesser 
role.  However,  in  beam  irradiation  experiments  performed  on  127-im  Kapton  sam¬ 
ples  (ref.  2)  (which  are  thick  compared  to  the  range  of  2  to  18  keV  electrons— a  few 
microns),  the  RIC  region  is  thin  compared  to  the  nonirradiated  region.  In  these 
samples,  the  properties  of  the  nonirradiated  region  are  expected  to  control  the  cur¬ 
rant  voltage  characteristics  of  these  materials. 

Yadlowsky  and  Hazelton  (ref.  14)  have  recently  analyzed  the  experimental  results 
of  Hazelton  et  al.  (ref.  2)  and  Adamo  et  al.  (ref.  15)  in  light  of  space-charge- 
limited  flow  models,  a  field-enhanced  conductivity  model  (Poole-Frenkel  effect), 
Sohottky  barrier  models,  and  a  combination  of  Poole-Frenkel  conduction  and  space- 
charge-limited  currents.  The  classical  expression 
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for  the  space-charge-limited  current  through  a  dielectric  sample  appears  to  properly 
represent  the  functional  dependence  observed  by  Adamo  et  al.  (ref.  15)  for  current 
flow  between  biased  electrodes  in  an  unirradiated  sample.  For  an  irradiated  sample, 
equation  (7)  can  be  made  to  fit  the  experimental  current-voltage  results  only  if  an 
order  of  magnitude  variation  in  the  value  of  the  mobility  is  made  (ref.  14). 

Yadlowsky  and  Hazelton  (ref,  14)  also  found  that  the  current  voltage  dependence  can 
be  represented  by  the  other  models  mentioned  above,  but  not  satisfactorily.  For 
example,  in  each  case,  a  nonphysical  beam  energy  dependence  for  the  dielectric  per¬ 
mittivity,  e,  had  to  be  assumed  to  obtain  a  functional  fit.  in  addition,  the  value 
of  the  permittivity  required  to  fit  the  data  was  five  to  six  times  the  accepted  value 
in  some  cases.  These  results  led  to  the  conclusion  that  these  models  are  unsatis¬ 
factory  in  their  usual  forms.  However,  satisfactory  results  were  obtained  using  a 
modified  version  of  the  space-charge-limited  current  model  (ref.  14). 

In  the  usual  form  of  this  model,  the  field  is  assumed  to  be  zero  at  the  injec¬ 
tion  plane.  The  new  model  allow3  the  field  to  have  a  finite  value,  Eg,  at  the 
virtual  injection  electrode,  which  is  taken  to  be  the  point  at  which  the  primary  beam 
current  vanishes.  Relatively  good  fits  were  obtained  with  a  simplified  version  of 
this  model,  emphasizing  the  importance  of  including  injection  electrode  effects  in 
the  analysis.  This  model  accounts  for  beam  energy  dependence  effects  in  a  natural 
way  and  explains  the  difference  between  the  Adamo  et  al.  (ref.  15)  biased  electrode 
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measurements,  for  which  injection  occurs  at  the  metal  contact,  and  the  irradiated 
dielectric  studies,  for  which  injection  occurs  from  an  ionised  region  of  the  di¬ 
electric.  Measurements  and  analysis  are  required  to  determine  whether  space-charge 
effects  in  the  injection  region  or  *<eld-enhanced  conductivity  in  the  unirradiated 
region  dominate  the  charge  transport  process  in  the  bulk  of  the  dielectric. 

Experimental  results  were  used  to  determine  values  of  the  injection  fields 
Eq  (ref.  14).  These  values,  in  turn,  were  used  here  to  calculate  values  for  the 
trap-modulatad  mobility  ii'  •  Table  3  displays  both  sets  of  values  for  beam  energies 
of  8,  12,  16,  and  18  keV.  The  values  of  u'  in  table  3  suggest  computer  input  values 
of  ii'  in  Subsection  V  B.  For  consistency,  the  computer  model  (with  the  new  value  of 
U')  should  also  predict  the  values  of  Eq  deduced  from  the  experiment  results. 

C.  Discussion  of  CBC  Results 

To  understand  the  experimental  results  of  a  nonpenetrating  electron  beam  in¬ 
cident  on  Kapton  samples,  it  is  necessary  to  invoke  field-assisted  injection  of 
carriers  from  the  irradiated  region  into  the  nonir radiated  region,  An  analytical 
space-charge  limited  model,  with  a  nonvanishing  field  at  the  injection  plana  (the 
edge  of  the  irradiated  region)  has  provided  results  consistent  with  both  experimental 
data  and  a  preliminary  computer  carrier  model.  The  conditions  under  which  space  - 
charge  limited  flow  occurs  (for  example,  free  carrier  density  inadequate  to  neutral¬ 
ize  injected  carriers)  must  be  investigated.  A  comparison  of  other  experimental 
results  with  the  present  computer  model  will  provide  better  material  parameters  and 
will  indicate  where  modifications  to  the  model  and  to  the  space-charge  limited  cur¬ 
rent  theory  are  required.  At  early  times  in  a  charging  experiment,  free  carriers  in 
the  dielectric  bulk  may  be  too  numerous  for  space-charge  limitations  to  occur.  On 
the  other  hand,  if  field  injection  from  an  irradiated  region  (greater  than  from  a 
matal  contact  if  our  RIC  results  are  valid)  is  high  enough,  the  injected  carriers  may 
dominate  all  other  carrier  sources. 

Comparison  of  Kapton  with  different  materials  such  as  Teflon  (in  which  field- 
injected  electrons  would  compete  with  the  more  mobile  holes)  or  with  ceria-doped- 
miorosheet  (in  which  the  high  concentration  of  free  carriers  resulting  from  the 
cerium  ions  could  prevent  space-charge  limiting)  would  be  very  useful  in  testing  the 
prosent  theory  and  mode). 

VI.  IMPLICATIONS  OF  THIS  WORK 

The  use  of  penetrating  beams  on  a  thin,  metallized  dielectric  establishes  con¬ 
ditions  that  are  closely  analogous  to  those  in  the  RIC  region  of  a  nonpanetrated 
dielectric.  For  instance:  a  1  nA/cm2  beam  of  28  keV  electrons  penetrating  a  6.4-isr. 
dielectric  film  deposits  nearly  45  mW/om3  throughout  the  sample.  On  the  other  hand, 
a  nonpenetrating  i -nA/cm2  beam  incident  on  a  free  surface  dielectric  will  charge  that 
surface  to  within  approximately  2  keV  of  the  beam  energy  (at  which  point  secondary 
emission  balances  the  incident  beam) .  If  most  of  the  2  keV  per  electron  is  deposited 
in  the  first  0.2  ym,  the  deposited  power  density  is  100  mw/cm3.  The  dose  rate  in, 
and  therefore  the  conductivity  of  the  two  regions  will  be  very  similar.  The  de¬ 
posited  excess  charge  density  will  be  greater  in  tho  0,2- mb  layer,  but  because  the 
distance  the  excess  charge  must  travel  before  removal  from  the  layer  is  less  in  the 
thin  layer  than  in  the  thin  film  (<0.2  urn  vs  <3.2  i*»),  the  current  densities  (and 
perhaps  the  potential  profiles)  should  also  be  similar. 


Th«  electric  field  at  the  back  contact  of  a  thin  dielectric  with  its  front  con¬ 
tact  biased  to  +45  V  and  Jg  «  0.65  nA/cm2  in  figure  2  is  aero.  This  back  contact 
corresponds  to  the  sero  field  region  in  the  RiC  volume  near  the  nonirradiated  portion 
of  a  thick  dielectric.  This  area  of  the  RZC  region,  then,  is  equivalent  to  an  elec¬ 
trode  in  the  i-ac  region.  The  positively  biased  front  contact  of  a  thin  .wtallizsd 
film  cot  responds  to  the  carrier  sink  of  an  irradiated  Kapton  sample  free  surface,  for 
which  secondary  emission  removes  surface  electrons.  Changing  the  bias  on  this  front 
contact  {for  a  fixed  beam  current)  varies  the  position  of  the  sero  field  region. 

This  change  permits  the  RIC  region  to  be  probed,  allowing  a  more  accurate  determina¬ 
tion  of  its  material  parameters.  Other  conditions  may  need  to  be  established  for 
Teflon,  in  which  holes  are  the  majority  carrier  and  for  which  the  irradiated  surface 
(>shen  positive)  is  therefore  an  injecting  electrode.  Materials  in  which  both  holes 
and  electrons  have  comparable  mobility  or  in  which  conditions  are  other  than  those 
assumed  here  for  Kapton,  must  be  examined  in  a  similar  manner  to  determine  the  appro¬ 
priate  experiments  for  establishing  material  parameters. 

Because  of  nonuniformities  in  fields  and  potentials  in  the  RIC  region,  and  be¬ 
cause  of  their  strong  dependence  on  changes  in  beam  current  density  and  external 
applied  bias  (corresponding  to  changes  in  the  experimental  conditions  of  a  non¬ 
penetrating  beam  experiment),  incorrect  values  for  material  parameters  and  even  for 
functional  dependence  (in  both  irradiated  and  nonirradiated  regions)  are  likely  to  be 
inferred  unless  a  computer  model  is  used  to  unravel  the  problem.  Many  conclusions 
from  past  work  are  suspect  for  this  reason,  or,  if  correct,  they  may  not  pertain  to 
conditions  that  are  applicable  to  dielectric  discharges.  Although  the  data  may  be 
good,  it  must  be  reevaluated  in  many  cases,  such  problems  account  for  many  of  the 
deviations  observed  in  experimentally  determined  parameters  (such  as  dose  dependence 
of  conductivity,  and  so  on).  Future  work  must  be  carried  out  only  after  careful 
study  of  the  conditions  to  be  simulated  and  after  testing  of  a  model  to  correctly 
interpret  the  results. 

Once  appropriate  models  are  tested  and  true  irradiated  material  parameters  are 
evaluated,  a  more  valid  assessment  of  breakdown  conditions  and  probability  can  be 
made.  Variation  of  material  and  beam  parameters  in  the  computer  model  can  then  be 
used  to  determine  the  best  means  of  preventing  discharge  conditions. 

VII.  SUMMARY 

Although  experimental  measurements  of  RIC  are  available,  it  is  still  necessary 
to  use  a  theoretical  model  to  correctly  interpret  then.  A  model  for  RIC  is  described 
here,  based  on  steady-state  solutions  of  goneral  kinetic  equations  for  electrons  and 
holes.  An  assumption  is  nude  that  the  holes  are  instantaneously  trapped  into  deep 
trips,  while  the  electrons  hop  from  shallow  trap  to  shallow  trap  and  are  described  as 
quasi-free  with  a  lowered  "trap-modulated"  effective  nobility.  Ihis  simplifies  the 
description  of  the  system  to  the  Poisson  equation  plus  a  single  transport  agitation 
for  the  electrons.  Parameters  required  by  the  model  include  mobility,  pair  genera¬ 
tion  rate,  and  excess-charge  deposition  rate. 

Raw  data  on  a  6.4-u®  sample  of  Kapton,  taken  at  ±196-V  and  ±45-V  bias  penetrated 
by  a  28-kaV  incident  electron  beam  energy,  are  considered  for  interpretation,  of 
prior  concern  was  the  approximately  60-40  split  of  the  rear  and  front  currents  ob¬ 
served  at  zero  bias.  Moreover,  the  experimental  values  inferred  for  the  RIC  are 
polarity  dependent.  However,  the  present  model  can  explain  the  60-40  split  at  sero 
bias,  by  appropriate  choices  of  dose  and  excess  charge  deposition  profiles,  and  by  a 
particular  choice  of  mobility,  can  match  the  experimental  currents  under  bias. 


Injection  at  th*  cathode  contact  it  required  to  allow  matching  of  the  experi¬ 
mental  currant*.  Under  condition*  of  high  injection,  the  shape*  of  the  electron  con¬ 
centration  and  potential  are  nonotonic  and  no  strong  field*  are  present  (fig.  6). 

The  aeon  value  of  the  RXC  turn*  out  to  be  consistent  with  value*  in  the  literature. 
The  polarity  dependence  of  the  experiaentally  observed  current*  is  explained  in  teres 
of  spatial  variations  in  charge  deposition,  internal  conductivities,  and  fields. 

The  problem  of  partial  penetrations  is  also  considered.  Hie  LWPCHARGE  code, 
including  carrier  kinetiaa,  was  used  to  describe  CEC  effects.  Transient  solutions 
were  obtained  for  partial  penetrations  of  the  thin-Kapton  sasple  with  bsoe  voltages 
lass  than  28  kV.  Significant  rear  currants  were  predicted  when  the  penetration  depth 
was  half  the  thickness  (thrsshold  #f facts).  For  low  beea  voltage,  the  transient  time 
is  very  long.  As  the  boss  voltage  increases,  the  transient  tie#  decreases  and  the 
(negative)  potential  oiniaua  deepens,  until  full  penetration  is  achieved.  The  sero- 
bies,  rear-front  current  split  is  calculated  to  be  63-37. 

Field  extraction  of  charge  free  the  RIC  region  is  ass used  in  a  space-charge 
limited  current  eodel  to  interpret  axperiaental  results  obtained  on  thick  (5-mil) 
Kapton  samples  with  s  fre*  front  surface.  Proa  our  various  models,  an  inferred  value 
of  effective  mobility  ( u '  *  3-7  x  10"1*  m2/V- «),  which  is  consistent  with  the  litera¬ 
ture,  has  been  obtained  for  both  RZC  and  CSC  regions. 
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Tabls  1.  Partial  Panatrations  at  Zaro  Bias 


Knargy  Bangs  j  Jj 
OtoV)  (ua)  (nV«2)  I  (V) 


-6  x  10“5  -2 

-3  x  10-3  -11 

>0*042  -30 

>0*21  -45 

-0.03  -31 


Tine  Seals 

(s) 


2  x  104 

3,400 

2,500 

700 

700 


Tabls  2.  Xxpariasntal  Bssulta  for 
1  nA/ca2  Klee tr on  Baaaa  on 
6.4  m  Kapton 


loan  Bnargy 

(ksV) 

J2 

(nJ t/oa2) 

Tins 

Seals 

15 

-0.12 

400 

25 

-0.48 

20 

-0.01 

175 

Tabls  3.  Blsotrioal  Paraaatsrs  for 
Thick  Irradiated  xapton 


(kav) 

(V/oa) 

(na/V-o) 

8 

4.7  x  105 

3.1  x  10-15 

12 

5.2  x  105 

2.8  x  10-15 

16 

3.7  x  105 

4.3  x  10-15 

18 

2.8  x  10s 

1.9  x  10-13 

Avaraga 

4.0  ±  1.2  x  10s 

3.1  *  1.2  x  10-1* 
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A  SIMPLE  MODEL  OF  ELECTRON  BEAM  INITIATED  DIELECTRIC  BREAKDOWN* 


B.  L.  Beers,  R.  E.  Danlell,  and  T.  N.  Dtlflttr 
Baers  Associates,  Inc. 

Raston,  Virginia  22090 


We  have  developed  a  steady  state  model  which  describes  the  Internal  charge 
distribution  of  a  planar  dielectric  sample  exposed  to  a  uniform  electron  beam.  The 
model  includes  the  effects  of  charge  deposition  and  ionization  of  the  beam,  separate 
trap-modulated,  mobilities  for  electrons  and  holeB,  electron-hole  recombination,  and 
pair  production  by  drifting  thermal  electrons.  If  the  incident  beam  current  is 
greater  than  a  certain  critical  value  (which  depends  on  sample  thickness  as  well  as 
other  sample  properties),  the  steady  state  solution  is  non-physical.  We  Interpret 
this  to  mean  that  above  the  critical  beam  current,  the  sample  breaks  down. 


INTRODUCTION 


This  paper  describes  a  simple  model  of  a  beam  charging  experiment,  The 
motivation  for  the  model  is  the  need  to  understand  low  voltage  breakdown  such  as 
that  which  occurs  in  dielectric  material  exposed  to  the  radiation  environment  of 
space  (ref,  1).  Our  approach  to  the  problem  is  motivated  by  the  work  of  O'Dwyer 
(ref.  2)  on  high  voltage  breakdown. 

The  model  configuration  is  shown  in  figure  1,  and  it  xb  assumed  to  have  reached 
a  steady  state.  A  pair  of  infinite  grounded  plates  are  separated  by  an  infinite, 
homogeneous  dielectric,  and  a  spatially  infinite  electron  beam  is  incident  on  the 
arrangement  normally,  through  one  of  the  plates.  The  beam  causes  ionization  at  one 
rate,  I,  and  deposits  electrons  at  a  second  rate,  S.  The  fact  that  these  rates  are 
constant  forces  the  solution  to  the  problem  to  have  symmetry  about  the  centerplane 
between  the  plates.  All  variables  are  either  symmetric  ar  anti-symmetric  about  this 
plane.  The  problem  considered  here  ia  simple,  but  sign  conventions  must  be  handled 
carefully  to  avoid  confusion. 

We  take  current  to  be  positive  when  it  is  directed  toward  the  right. 
Consequently,  an  electron  beam  traveling  to  the  right  represents  negative  current 
which  we  denote  by  Jg.  Since  the  beam  is  losing  electrons  at  the  rate  S 
(electrons  cnr’s-l),  the  magnitude  of  Jg  is  decreasing  but 

■  eS  >  0  (1) 


where  e  is  the  magnitude  of  the  electronic  charge.  Because  of  the  build  up  of 
negative  charge,  the  electric  field  (E)  is  positive  (i.e.,  directed  toward  the 
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right)  in  the  left  half  of  the  dielectric  (0  <  x  <  L/2),  vanishes  at  the  midplane, 
and  is  negative  in  the  right  half  of  the  dielectric.  The  electrons  and  holes 
produced  by  the  beam  drift  under  the  influence  of  the  electric  field.  We  denote  the 
resulting  conduction  current  by  Jc*  The  total  current  ia  the  sum  of  the  beam 
current  and  the  conduction  current.  In  steady  state,  conservation  of  charge 
requires 


d__  (Jg  +  Jc)  ■  0  (2) 

dx 


Since  Jr;  has  the  same  symmetry  properties  as  E,  the  solution  of  equations  (I) 
and  (2)  is 


Jq  -  (1  -  2x/L)  eSL/2 


(3) 


For  the  geometry  as  we  have  defined  it,  this  solution  is  independent  of  the 
ionization  rate  I,  the  mobilities  of  the  charged  species,  and  all  other  parameters 
except  sample  thickness  and  electron  deposition  rate. 


ELECTRON  AND  HOLE  BEHAVIOR 

The  conduction  current  is  the  sum  of  the  electron  and  hole  currents  which  are 
defined  in  the  usual  manner: 


Jn  ■  -  nev„  -  neunE 

(4) 

jp  -  P«vp  -  P*MpE 

(5) 

where  n  and  p  are  the  electron  and  hole  densities,  vn  and 
electron  and  hole  drift  velocities,  and  pn  and  yp  are  the 
mobilities  of  electrons  and  holes.  The  electron  and  hole 
symmetry  properties  as  Jc  and  E.  Because  of  the  symmetry 
will  consider  only  the  left  helf  of  the  dielectric  (0  <  x 
only  Jg,  vn,  and  »  (the  net  charge  density)  are  negative, 
jp,  n,  and  p  are  all  positive. 


Vp  are  the 
trap  modulated 
currents  have  the  same 
of  the  problem,  we 
<  L/2).  In  this  case, 
E.  Jn» 


With  the  use  of  equations  (1)  -  (5),  one  variable  can  be  expressed  in  terms  of 
the  others.  Solving  for  p  results  in 


P  -  -  Mnn/lip  +  (1  -  2x/L)SL/(2Eup)  >  0  (6) 


Transport  equations  can  be  written  for  electrons  and  holes: 
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£_(nvn)  »  yn  4  (I  4  S)  -  knp 

dx 


(7) 


d_(pv„)  •  vn  +  I  -  knp  (8) 

dx  ' 

where  k  is  the  recombination  rate  and  y  is  the  collision  ionization  coefficient. 
Because  of  equation  (6)  the  equation  for  holes  (eq.  8)  is  redundant.  There  is  no 
time  derivative  because  of  the  assumption  of  steady  state,  so  the  gradient  of  the 
electron  flux  is  equal  to  the  three  source  and  sink  terms  on  the  right.  Note  that 
each  unsigned  term  on  the  right-hand  side  of  equation  (7)  is  positive:  the  first 
term  is  the  avalanche  (i.e.,  collision  ionization)  term,  the  second  is  the  beam 
ionization  and  charge  deposition,  and  the  third  is  recombination. 

The  only  other  equation  needed  is  that  for  the  electric  field: 


dE/dx  *  e(p  -  n)e  (9) 


where  c  is  the  dielectric  constant  of  the  sample  material.  The  symmetry  forces  E(x) 
■  Jn(x)  m  jp(x)  «  0  at  x  «  L/2  which  are  the  boundary  conditions. 

Using  equations  (A)  -  (7),  we  obtain  the  following  equation  for  the  behavior  of 
the  electron  current: 

~djn/dx  «  4yjn/(uuE)  +  (I  4  S)e 

+  UnAeMnE)]2  ekun/Up  (10) 

-  <1  -  2x/L)  kSLjn/<2?(nMpE2) 


None  of  the  variables  in  this  equation  are  negative.  Therefore,  in  the  region  under 
consideration,  all  terms  on  the  right-hand  side  have  the  sign  explicit  in  front  of 
them.  The  last  two  terms  in  combination  are  negative  as  in  equation  (6).  The 
equation  governing  the  electric  field  is  equation  (9).  Equation  (6)  can  again  be 
used  to  eliminate  p  and  equation.  (4)  to  eliminate  n  with  the  result  that 


dE/dx  ■  -[(1  4  pp/pn)  Jn^pk) 

-  (1  -  2x/L)  eSL/(2ppE) ]/c 


(ID 


We  have  adopted  the  form  of  the  collision  ionization  term  given  py  reference  3: 


V  -  aoMnH  exp(  Vis!) 

where  a0  has  units  of  inverse  length. 


(12) 
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Equations  (10)  and  (11)  are  a  pair  of  coupled  ordinary  differential  equations 
for  jn  and  E.  They  may  be  cast  into  dimensionless  form  by  the  use  of  the 
dimensionless  variables 


u  -  1  -  2x/L  (13a) 

l  -  2j„/eSL  (13b) 

n  -  E/aE0  (13c) 

and  the  dimensionless  constants 

»  eSL2/(4cppEQ2)  (14a) 

b  ■  ck/epn  (14b) 

6  *  lJp^Mn  (14c) 

K  -  o0L/2  (I4d) 

a  m  I/S  ( 14e) 

The  two  equations  (10)  and  (11)  become 


d*/du  -  A*exp(-l/a|nD  Ini  /t\  +  (1  +  o)  -  b*(u  ~t)/n2  (15) 

dq/du  «  [(1  +  6)*  -  u]/n  (16) 

The  boundary  conditions  are  ?(0)  **  n(0)  ■  0. 

PROPERTIES  OF  THE  SOLUTIONS 

Note  that  (u  -  t)/h  is  the  dimensionless  hole  density  while  l/t\  is  the 
dimensionless  electron  density.  The  requirement  that  these  two  densities  be 
non-negative  places  a  constraint  on 

0  <  *  <  u,  for  0  <  u  <  1  (17) 
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Any  solution  which  falls  outside  this  range  is  not  physically  meaningful. 

Leu  us  first  consider  the  case  for  which  there  is  no  collision  ionization 
(A  *  0).  Then  the  two  equations  (15)  and  (16)  have  the  solution 


5(u)  ■  cu 


n(u)  -  gu 


where  c  is  the  solution  of 

(1  +  6  -  b)  c2  -  [(1  +  b)(l  +  o)  +  1  -  b]  c  +  (1  +  e)  -  0 
and  g  is  defined  by 

g2  -  1(1  +  6)  c  -  1] 


(18) 


(19) 


(20) 


If  the  solution  is  to  be  physically  meaningful,  then  c  must  be  less  than  unity.  For 
many  situations  of  interest,  both  6  and  b  are  very  small  so  that  c  ■  1  -  A  where  A 
is  much  less  than  unity.  To  second  order  in  the  small  quantities  6  and  b 


A  «  6(1  -  6  -  b/o)  (21a) 

g2  fa  6b /o  (21b) 


For  purposes  of  illustration,  however,  it  is  preferable  to  use  values  of  order  one. 
In  figure  2  we  show  the  solution  for  6  ■  0.5  and  b  -  a  -  1.0.  The  solution  is 
independent  of  a,  the  dimensionless  electron  deposition  rate.  Beth  the  electric 
field  and  the  two  currents  (electron  and  hole)  are  linear.  The  electron  and  hole 
densities  are  constant,  The  quantity  d>  is  the  dimensionless  potential  and  is 
defined  as 

u 

d>(u)  *  2V(x)/(aE0L)  -  j* n(u)du  -  d>0  (22) 

0 

where  V(x)  is  the  electrostatic  potential  with  V(0)  »  V(L)  ■  0,  and  4>0  is  the 
dimensionless  potential  at  u  ■  0  (x  ■  L/2). 

In  the  preceding  example  the  dimensionless  electron  and  hole  currents 
(^  and  u  -  5,  respectively)  as  well  as  the  dimensionless  electric  field  (n)  are 
independent  of  the  dimensionless  electron  deposition  rate  (a).  (Of  course,  the 
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dimensional  quantities  are  strongly  dependent  on  the  electron  deposition  rate.) 
However,  when  A  is  non-zero,  the  collision  ionization  term  introduces  an  explicit 
dependence  on  a.  Because  this  term  is  always  positive,  its  presence  causes  both 
dt/du  and  |(u)  to  increase.  We  have  solved  equations  (15)  and  (16)  numerically  for 
the  same  values  of  6,  b,  and  o  as  above,  hut  with  A  *  0.01.  As  expected,  the 
solution  is  no  longer  independent  of  a.  Solutions  for  three  values  of  a  are  shown 
in  figure  3.  Note  that  for  a  «  4.58  both  the  hole  current  and  the  hole  density 
vanish  at  the  electrodes.  If  a  is  increased  beyond  4.58,  the  solution  predicts 
negative  hole  densities  near  the  electrode.  Since  negative  hole  densities  are 
physically  meaningless,  this  means  that  there  is  no  steady  state  solution  for 
a  >  4.58.  We  interpret  this  to  mean  that  the  dielectric  will  break  down. 


DISCUSSION 


We  have  presented  a  simple  model  of  the  effects  of  an  electron  beam  on  a 
dielectric  sample.  We  have  assumed  that  the  sample  is  homogeneous  and  that  the 
incident  beam  is  spatially  uniform.  We  have  also  assumed  that  the  beam  deposits 
electrons  uniformly  throughout  the  sample.  We  have  found  that  if  the  incident  beam 
current  (or  electron  deposition  rate)  becomes  larger  than  a  critical  value,  there 
are  no  steady  state  solutions,  which  we  interpret  to  be  an  indication  of  breakdown. 

We  have  only  begun  to  explore  the  properties  of  this  model  for  realistic  values 
of  the  model  parameters.  We  anticipate  that  the  simplicity  of  the  model  will  limit 
the  accuracy  with  which  it  represents  a  real  dielectric  charging  problem.  However, 
we  hope  that  the  very  simplicity  of  the  model  will  make  it  possible  to  thoroughly 
study  and  understand  the  physical  processes  leading  to  breakdown  in  this  Idealized 
case.  We  feel  that  this  is  an  important  first  step  in  the  development  o?  more 
realistic  models  which  take  into  account  material  inhomogeneities  (e.g.,  localized 
defects). 
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Figure  1.  -  Model  Geometry,  Electrons  moving  to  the  right  produce  negative 
current.  The  beam  deposits  electrons  uniformly  throughout  the  sample. 

These  electrons  drift  toward  the  two  electrodes  where  they  return  to  ground. 
In  steady  state  the  total  current  f loving  to  ground  Is  equal  to  the  differ- 
ence  between  the  transmitted  beam  current  and  the  Incident  beam  current. 


«/L  l/l 


Figure  2.  -  Solution  for  no  collision  Ionization  (x  -  0),  J  «  0.5,  b  »  a  •  1.0. 
Total  conduction  current  Is  proportional  to  u.  The  electron  current  (0  and 
the  hole  current  (u  -  O  are  constant  fractions  of  the  total  conduction 
current.  The  electron  and  hole  densities  [e/n  and  (u  -  c)M  are  also 
constant,  n  Is  the  dimensionless  electric  field,  and  +  Is  the  dimension¬ 
less  potential. 
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Figure  3.  -  Solutions  for  x  .  0.01,  «  «  0.5,  b  .  0  -  1.0,  and  a  . 
4.58.  When  the  dimensionless  electron  deposition  rate  a  >4.58. 
gives  negative  hole  densities  [(u  -  OM  near  the  electrodes, 
that  there  Is  no  physically  meaningful  steady  state  solution,  1 
dielectric  breaks  down. 


1,  3.5,  and 
the  solution 
This  Implies 
.e.,  the 
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A  joint  Air  Force/NASA  comprehensive  research  and  technology  program  on 
spacecraft  environmental  Interactions  Is  being  undertaken  to  develop  technology 
to  control  Interactions  between  large  spacecraft  systems  and  the  charged- 
particle  environment  of  space.  This  technology  will  support  NASA/Department  of 
Defense  operations  of  the  shuttle/IUS,  shuttle/Centaur,  and  the  force  applica¬ 
tion  and,  surveillance  end  detection  missions,  planning  for  transatmospherlc 
vehicles  and  the  NASA  space  station,  and  the  AFSC  military  space  system  tech¬ 
nology  model.  The  program  consists  of  combined  contractual  and  in-house 
efforts  aimed  at  understanding  spacecraft  environmental  Interaction  phenomena 
and  relating  results  of  ground-based  tests  to  space  conditions.  A  concerted 
effort  Is  being  made  to  Identify  project-related  environmental  Interactions  of 
concern.  The  basic  properties  of  materials  are  being  Investigated  to  develop 
or  modify  the  materials  as  neaded.  A  ground  simulation  Investigation  is  eval¬ 
uating  basic  plasma  Interaction  phenomena  to  provide  Inputs  to  the  analytical 
modeling  Investigation.  Systems  performance  Is  being  evaluated  by  both  ground- 
based  tests  and  analysis.  An  environmental  Impact  Investigation  to  determine 
the  effect  of  future  large  spacecraft  on  the  charged-particle  environment  Is 
planned.  Finally,  spctefllght  Investigations  will  verify  the  results  of  this 
technology  Investigation,  The  products  uf  this  research  and  technology  program 
are  test  standards  and  design  guidelines  that  will  summarize  the  technology, 
specify  test  criteria,  and  provide  techniques  to  minimize  or  eliminate  system 
Interactions  with  the  charged -particle  environment.  The  Investigation  is  coor¬ 
dinated  by  a  Spacecraft  Environmental  Interaction  Program  steering  committee, 
which  will  Incorporate  Into  this  Investigation  the  requirements  of  both  the 
Air  Force  and  NASA. 


STEERING  COMMITTEE 

The  functions  of  this  committee  ate  to  coordinate  all  phases  of  the  Inves¬ 
tigation,  to  review  progress,  and  to  direct  changes,  as  required,  to  satisfy 
the  needs  of  the  Air  Force  and  NASA.  The  committee  will  meet  annually  to 
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review  the  program,  to  resolve  pending  action  Heats*  to  fom  working  groups  as 
needed,  and  to  Issue  required  action  Heats.  The  Minutes  of  these  Meetings  will 
be  Issued. 

The  coMMlttee  will  report  to  the  NASA/Office  of  Aeronautics  and  Space 
Technology,  Air  force  Space  Coewsnd/OL,  and  AFSTC  through  the  Science  and  Tech¬ 
nology  Interdependency  Group. 

The  steering  committee  consists  of  the  following  Mentors: 

Co-Chairpersons:  Charles  P.  Pike,  Air  Force  Geophysics  Laboratory  (AFGL);  end 
Carolyn  K.  Purvis,  NASA  Lewis  Research  Center 

Mentors:  Wayne  R.  Hudson,  NASA  HQ;  Henry  B.  Garrett,  JPL;  A.  R.  Fredrickson, 
Romo  Air  OevelopMent  Center;  D.  A.  Guldlce,  AFGL;  and  Lt.  R.  Cull,  Air  Force 
Weapons  Laboratory 

The  steering  coMMlttee  will  fone  working  groups  as  needed  to  review,  plan, 
and  coordinate  Investigations  In  specific  areas,  to  recoMMend  new  directions 
as  required,  and  to  Make  periodic  progress  reports  to  the  steering  committee. 
The  working  groups  will  function  to  keep  the  various  organizations,  both  those 
within  the  formal  prograM  and  others,  coordinated  In  their  various  activities. 
The  chairperson  of  each  working  group  Is  appointed  by  the  steering  coMMlttee 
and  Is  responsible  for  selecting  Mentors  of  the  working  group  froM  the  tech¬ 
nical  experts  of  the  government,  Industrial,  and  university  communities. 


JUSTIFICATION 

Missions  using  very  large  spacecraft  are  planned  for  the  reMalnder  of  the 
IttO's  and  the  space  station  Is  scheduled  for  operation  In  the  1990' s.  The 
Missions  are  planned  to  Initially  use  equatorial  and  low-inclination  orbits  and 
then  Move  to  polar  and  geosynchronous  orbits.  Typical  Missions  are  coenunlca- 
tlons  platforms  and  space-based  radar.  The  Air  Force/NASA  Spacecraft  Charging 
Technology  Investigation  showed  that  environmental  charged-particle  fluxes  can 
act  on  spacecraft  surfaces  and  Influence  system  performance.  These  new,  larger 
spacecraft  can  have  potentially  serious  Interactions  at  all  altitudes  and  these 
Interactions  Must  be  evaluated.  Because  the  proposed  structures  have  dimen¬ 
sions  larger  than  characteristic  plasma  lengths,  differential  surface  charging 
Is  possible.  The  Motion  of  such  a  large  structure  In  the  Earth's  magnetic 
field  will  Induce  electromagnetic  forces  on  the  structure.  Since  these  struc¬ 
tures  are  designed  for  low-density  materials,  electromagnet  leal ly  Induced 
stress  can  affect  the  mechanical  design. 

There  Is  also  a  trend  toward  high-power  modules  for  space  applications. 
Flans  have  been  established  for  23-kW  Modules  In  the  late  IfBO's,  expanding  to 
SOO-kW  Modules,  possibly  nuclear,  In  the  late  1990's.  At  these  power  levels 
the  operating  voltages  will  Most  likely  be  higher  than  the  present  range  of  30 
to  100  V  for  greater  system  efficiency.  This  elevation  of  operating  voltages 
Means  that  Interactions  between  the  biased  surfaces,  Including  thermal  radia¬ 
tors  for  high-power  systems,  and  the  plasma  environment  are  more  probable. 

Laboratory  tests  on  small  solar  array  saMples  hove  Indicated  that  possible 
Interactions  Include  the  establishment  of  parasitic  current  loops  through  the 
environment  (resulting  in  power  losses),  arcing  at  negative  potentials,  and 
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dlspropartlamats  currant  collection  through  Kolas  In  Insulation  to  biased  sur¬ 
faces  uniarnaatli.  These  affacts  can  adversely  influanca  tha  operation  of  spaca 
power  modules  and  wist  to  understood  before  building  high-power  systems. 

Tbora  Is  a  prowl n«  concern  for  the  Influence  that  the  vary  large  struc¬ 
tures  proposed  for  future  applications  can  have  on  the  charged-particle  envi¬ 
ronment.  This  Influence  may  significantly  alter  the  Interactions  between  the 
structure  and  the  environment. 

Testing  larger  quantities  and  greater  varieties  of  materials,  Including 
prolonged  exposure  to  the  space  environment.  Is  needed  to  determine  performance 
reliability  for  extended-duration  missions.  As  spacecraft  become  larger  and 
more  expensive,  the  reliability  of  specialized  materials  might  become  the  lim¬ 
iting  parameter  for  missions.  To  Improve  reliability,  the  space  environment 
must  be  well  characterized  and  the  material  responses  to  that  environment  must 
be  determined. 


OBJECTIVES 

The  overall  objective  of  this  Investigation  Is  to  develop  the  technology 
for  controlling  or  mitigating  spacecraft  system  Interactions  with  the  plasma, 
particle,  and  field  environment  of  space.  The  technology  developed  In  this 
Investigation  will  support  proposed  Air  Force/NASA  space  mission  concepts  Into 
the  1 990 ' s . 


APPROACH 

The  Initial  emphasis  In  this  Investigation  will  be  on  low-Earth-orblt 
(LEO)  altitudes.  The  proposed  missions  will  be  cataloged,  engineering  speci¬ 
fications  for  the  charged-particle  environment  established,  and  possible  Inter¬ 
actions  Identified.  The  ground  technology  Investigation  will  concentrate  on 
determining  and  modeling  plasma  phenomena  and  then  extrapolating  these  results 
to  systom  Interactions  and  performance  In  spaco.  Applicable  techniques  avail¬ 
able  to  the  participants  will  be  used. 

The  environmental  Interactions  for  largo  systems  operating  In  altitudes 
out  to  geosynchronous  conditions  will  be  evaluated  after  the  LEO  study.  The 
geosynchronous  onvlronmental  Investigation  will  use  the  LEO  study  results  as 
well  as  applicable  techniques  from  the  Air  Force/NASA  Spacecraft  Charging  Tech¬ 
nology  Investigation.  In  both  the  LEO  and  geosynchronous  environmental  inter¬ 
actions  Investigations,  tho  of feet  of  largo  systems  on  tho  environment  will  be 
evaluated  as  well  as  the  effect  of  the  environment  on  system  performance. 

Spaceflight  experiments  will  be  conducted  to  verify  the  results  of  the 
ground  based  technology  Investigation  of  the  environmental  Interactions.  These 
space  experiments  will  be  coordinated  with  the  ground-based  study. 


PROOUCTS 

The  output  of  this  Investigation  will  be  •  series  of  test  standards  and 
design  guideline  documents.  These  will  be  Issued  In  h  preliminary  form  early 
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In  tto  Investigation  and  upgraded  as  the  study  continues.  The  Major  Milestone* 
for  this  investigation  are  shown  In  table  I. 


TASKS 

For  each  element  of  this  Investigation,  the  approach  Is  summarized  and 
the  known  tasks  Identified.  The  agency  or  agencies  responsible  for  directing 
and  coordinating  tha  work  under  each  task  ore  given.  Although  th«  primary 
responsibility  Is  assigned  to  one  agency,  the  expertise  of  other  agencies  will 

be  used. 


User  Requirements 

It  Is  necessary  to  Idantlfy  those  Mission*  or  projects  that  could  benefit 
from  the  technology  that  will  be  developed  by  this  Investigation  and  to  Incor¬ 
porate  their  requirements.  This  will  be  done  by  maintaining  close  liaison  with 
government  funding  sources  and  project  offices.  Potential  applications  of  the 
technology  have  been  Identified  as 

(1)  Polar  shuttla 

(?)  Space  station 

(3)  Multlkllowatt  space  power  systems 

(4)  Large,  high-power  communications  satellites 

(5)  Large  surveillance  satellites 

(6)  Scientific  spacecraft 

The  primary  Intaractlons  to  b«  evaluated  have  been  tentatively  Identified  as 

(1)  Large  space  system  Interactions.  These  Interactions  Involve  the 
possible  effects  due  to  the  motion  of  a  large  body  In  the  space  environment 
and  due  to  material  reactions  to  the  charged-particle  fluxes. 

(?)  Biased-system/charged-part 1c le  Interactions.  These  Interactions 
Include  spacecraft  systams  that  generate  or  use  high  voltage  exposed  to  space. 
CoNuunl cat Ions  satallltas  and  spacecraft  systems  using  high-voltage  space  power 
modules  fall  Into  this  category. 

(3)  Scientific  Instruments  and  sensor  Interactions.  The  effect  of  elec¬ 
tric  fields  surrounding  a  spacecraft  on  the  behavior  of  scientific  Instruments 
and  sensors  will  be  evaluated. 

(4)  Large  structure  Interactions  on  the  environment.  The  presence  of  the 
proposed  large  structures  may  affect  the  environment.  Such  effects  must  be 
evaluated. 

(5)  Enhanced-partlcle  environment  Interactions.  Thesa  Interactions 
Involve  spacecraft  sources  of  particles  that  can  be  Ionized  and  Increase  the 
charged-particle  environment  around  the  spacecraft.  Close  coordination  will 
be  maintained  with  the  existing  Air  Force/NASA  Spacecraft  Contamination 
Investigation. 

(§)  High-energy  particle  Interactions.  Penetrating  radiation  effects 
will  be  evaluated  In  this  study  only  Insofar  as  they  can  Influenct  charging 
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phenomena  (e.g.,  Internal  spacecraft  charging  and  radiation- enhanced  conductiv¬ 
ity  In  materials).  Close  coordination  will  be  maintained  with  other  groups 
conducting  radiation  damage  evaluations. 

(7)  Charging  response  of  spacecraft  materials.  This  response  depends  on 
some  basic  material  properties  -  conduction,  prebreakdown  streamer  formation, 
photoconduction,  and  polymer  degradation.  These  and  other  pertinent  material 
properties  will  be  studied  In  relation  to  space  environmental  Interactions. 

The  specific  tasks  and  responsible  agencies  are  listed  here. 

Task  1;  coordination  and  overview.  -  Coordinating  user  needs  and  incor¬ 
porating  these  needs  Into  the  Investigation  will  be  the  responsibilities  of 
the  steering  committee. 

Task  Z\  Air  Force  and  NASA  contacts.  -  Each  agancy  will  maintain  a  close 
relationship  with  the  projects  It  manages  In  order  to  determine  user  needs  and 
will  report  those  needs  to  the  steering  committee  for  coordination  and  Incor¬ 
poration  Into  this  Investigation. 


Environment  Specifications 

The  natural  environment  will  be  Investigated  and  engineering  specifica¬ 
tions  generated  or  updated  as  appropriate.  The  effect  of  large  spacecraft  on 
the  environment  will  also  be  Investigated  and  evaluated. 

Tank  h  Earth  environment  specification.  -  The  available  data  for  the 
low-Earth-orblt  plasma,  particle,  and  field  environment  will  be  reviewed.  An 
engineering  specification  for  this  region  will  be  generated  and  made  available 
tc  all  parties  concerned  with  environmental  Interactions.  This  work  will  be 
the  responsibility  of  AFGL  and  JPL. 

UlLli.  .Plan to..  anylrgnMnA  “  The  available  data  for 

planetary  environments  will  be  reviewed.  An  engineering  specification  for 
these  environments  will  be  generated  And  made  available  to  all  parties  con¬ 
cerned  with  environmental  Interactions.  This  work  will  be  directed  by  JPL. 

Task  3;  enhanced  spacecraft  environment  specification.  -  The  available 
data  on  possible  outgasslng  or  other  sources,  including  arc  discharges  on  the 
plasma  wake  and  sheath  that  can  enhance  the  charged-particle  environment,  will 
be  reviewed.  An  engineering  specification  for  this  enhanced  environment  will 
be  generated  and  made  available  to  all  parties  concerned  with  spacecraft  envi¬ 
ronmental  Interactions.  Close  coordination  will  be  maintained  with  the  Air 
Force/NASA  Spacecraft  Contamination  Investigation,  which  Is  principally  con¬ 
cerned  with  particulate  contamination,  and  related  programs  to  avoid  duplica¬ 
tion.  This  work  will  be  the  responsibility  of  JPL. 

Task  4:  environmental  Impact.  -  Using  the  environmental  specifications 
and  the  proposed  plans  for  large  spacecraft,  the  possible  alterations  to  the 
natural  environment  due  to  the  presence  of  the  spacecraft  will  be  Investigated 
\  and  evaluated.  This  work  Is  currently  unfunded  but  Is  Included  as  It  Is  per¬ 
ceived  as  a  future  area  of  concern  to  support  environmental  Impaci  assessments. 
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Materials  Investigation 


Tht  basic  properties  of  typical  spacecraft  materials  exposed  to  i;he  space 
environment  will  be  determined,  and  new  or  modified  materials  will  bo  devel¬ 
oped.  The  specific  tasks  and  responsible  agencies  are  listed  here. 

Task  1:  material  property  detormiMtl on.  -  The  classical  properties  of 
typical  spacecraft  materials  will  be  determined  as  a  function  of  the  tutorial 
parameters  and  environmental  fluxes.  The  properties  to  be  determined  are  those 
that  Influence  the  surface  potential  of  the  material  (e.g.,  secondary  emis¬ 
sions,  backscatter,  conduction,  deposition,  and  photoemission).  Electron, 
proton,  and  photon  fluxes  as  determined  by  the  environmental  specifications  are 
to  be  considered.  This  work  will  be  the  responsibility  of  JPL,  Lewis,  and 
RADC. 


Task  2:  new  or  modified  materials  development.  -  Materials  having  selec¬ 
tive  properties  will  be  developed  as  a  means  of  controlling  detrimental  effects 
of  spacecraft  environmental  Interactions.  The  required  properties  for  these 
materials,  Including  advanced  composite  materials,  will  be  defined  from  the 
Interactions  studies.  The  materials  will  be  developed  and  tested  to  show  that 
they  will  meet  the  requirements.  This  tasV  will  be  the  responsibility  of 
AFWAL. 


Ground  Simulation  Investigation 

Existing  facilities  will  be  used  tu  simulate  the  space  plasma  environment, 
and  the  Interactions  will  be  studied  experimentally.  The  specific  tasks  and 
responsible  agencies  are  listed  here. 

.THAJ ; .jails -Mgrirtltn.  stutilfli-  -  This  task  will  be  divided  into 
several  subtasks  each  devoted  to  the  study  of  a  particular  aspect,  of  the  Inter¬ 
action  phenomena. 

(1)  Dlased-system/charged-partlcle  interactions  will  be  Investigated. 

Here  the  emphasis  Is  on  Identifying  key  parameters  (voltage  levels,  material 
properties,  geometry,  plasma  temperature  and  density,  and  magnetic  field 
strength  end  direction)  affecting  the  Interactions,  which  include  collection 
of  currents  from  plasmas  and  arcing  In  the  presence  of  plasmas.  Interactions 
to  be  Investigated  Include  those  between  systems  and  both  the  natural  space 
environment  and  the  enhanced  environment  resulting  from  the  presence  of  large 
systems.  This  work  will  be  conducted  by  Lewis. 

(2)  Plasma  sheath  growth  will  be  Investigated.  Interactions  between 
large  structures  moving  through  the  environment  will  be  Investigated.  Plasma 
wake  and  ram  effects  and  sheath  growth  will  be  evaluated.  Responsibility  for 
this  work  will  be  assigned  as  resources  become  available. 

(3)  Discharges  resulting  from  environmental  Interactions  will  be  charac¬ 
terized.  Both  radiated  end  conducted  characteristics  will  be  determined. 

This  work  will  be  coordinated  by  JPL. 

(4)  Penetrating  radiation  studies  will  be  conducted  to  evaluate 
radiation-induced  charging  interactions.  RADC  will  be  the  contact  point  for 
this  work. 


Task  2:  studies  of  large,  hlah-voltaqe  power  systems.  -  In  this  task  the 
basic  Interaction  study  results  from  section  5.4.1  (table  I)  will  be  applied  to 
the  design  of  large  power  systems  for  space  applications.  The  Interactions 
will  be  scaled  to  the  size  of  a  typical  large  power  system,  the  environmental 
conditions  will  be  scaled  from  ground  conditions  to  space,  and  the  effects  of 
the  environment  on  system  performance  will  be  evaluated.  Means  of  controlling 
detrimental  Interactions  will  be  devised.  Wherever  possible,  experiments  will 
be  conducted  to  demonstrate  that  the  Interactions  can  be  controlled.  This  work 
will  be  conducted  by  Lewis  for  NASA  missions  and  by  AFWAL  for  Air  Force  mis¬ 
sions.  AFWAL  will  also  Investigate  the  Interaction  of  various  weapons  threat 
scenarios  with  the  space  environment  and  solar  cell  power  systems.  After  these 
Initial  studies  consonant  hardware  will  be  developed,  tested,  and  Integrated 
Into  a  complete  modular  power  system.  Primary  Interactions  are  expected  with 
the  solar  cell  array  and  the  radiators  -  both  high  temperature  (>600  K)  and 
low  temperature  (300  X).  Where  necessary,  spaceflight  experiments  will  be 
developed. 

Task  3:  mitigation  techniques.  -  The  environmental  Interaction  In  large, 
high-power  spacecraft  can  be  mitigated  by  techniques  such  as  active  charge 
control  devices.  Techniques  will  be  evaluated  to  determine  the  extent  to  which 
they  will  alleviate  detrimental  system  performance.  This  work  will  be  con¬ 
ducted  by  AFGL. 


Analytical  Investigation 

Models  of  physical  processes  and  engineering  design  tools  will  be  devel¬ 
oped.  Models  of  Individual  Interactions  will  be  developed  to  Identify  criti¬ 
cal  parameters.  These  will  be  Incorporated  Into  a  general  engineering  analyt¬ 
ical  tool  (or  tools)  to  aid  In  designing  systems  to  withstand  detrimental 
environmental  Interactions.  Tha  specific  tasks  and  responsible  agencies  are 
listed  here. 

Task  1:  basic  plasma  phenomenological  modeling.  -  The  basic  plasma  phe¬ 
nomena  necessary  to  evaluate  environmental  Interactions  with  spacecraft  systems 
will  be  modeled.  These  phenunena  will  Include  ram/wake  velocity  effects, 
plasma  sheath  effects,  ar’d  magnetic,  field  effocts.  AFGL  and  Lewis  will  coor¬ 
dinate  the  respective  efforts. 

Task  ?;  discharge  fueling.  -  Empirical  models  of  discharge  phenomena 
will  be  developed.  Radiofrequency  characterization  and  discharge  modeling  as 
a  function  of  material  and  ambient  plasma  will  be  carried  out.  The  work  will 
be  coordinated  by  JPL. 

Task  3:  system  level  analytical  models,  -  Analytical  models  will  be  de¬ 
veloped  to  support  the  design  of  mission  spacecraft  for  the  1980's  and  1990's. 
These  design  tools  will  Incorporate  the  Interaction  models  developed  In 
section  5.5.1  (table  I)  and  will  be  capable  of  evaluating  the  effect  of  envi¬ 
ronmental  Interactions  and  of  assessing  the  meens  of  minimizing  detrimental 
Interactions.  The  following  models  will  be  developed: 

(1)  targe  space  structures.  This  model  will  evaluate  the  Interactions 
between  large  space  structures,  Including  the  shuttle,  and  the  space  environ¬ 
ment.  It  will  be  developed  by  AFGL. 
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(2)  Large,  high-voltage  power  systems.  This  model  will  evaluate  the 
Interactions  that  result  from  the  operation  of  high-voltage  systems  on  space¬ 
craft.  It  will  be  developed  by  Lewis. 

Task  4;  charging  modeling.  -  Analytical  models  and  empirical  data  will  be 
developed  to  determine  the  level  of  charging  Induced  In  spacecraft  materials. 
The  work  will  be  coordinated  by  RADC. 


SPACEFLIGHT  EXPERIMENT  PLANNING  AND  EVALUATION 

The  results  of  the  ground-based  technology  program  must  be  verified  In 
the  actual  space  environment.  To  accomplish  this,  spaceflight  experiments 
have  boen  conducted  and  are  planned.  Close  liaison  will  be  maintained  with 
the  NASA  Shuttle  Project  Office,  the  NASA  Space  Station  Office,  and  the  DOD 
Space  Test  Program  Office  to  maintain  cognizance  of  flight  opportunities.  At 
this  time  It  Is  not  possible  to  completely  specify  the  number  and  types  of 
experiments  that  will  bo  required;  they  will  be  the  logical  outgrowth  of  this 
technology  Investigation  as  It  progresses.  Space  experiments  funding  Is  not 
Included  In  the  agreement. 


DESIGN  GUIDELINES  AND  TEST  STANDARDS 

Design  guidelines  and  test  standards  will  be  Issued  and  updated  as  this 
program  develops.  These  documents  will  summarize  the  state  of  the  art  of  the 
various  Interactions  being  studied.  Guidelines  to  be  used  In  designing  systems 
for  space  applications  and  test  criteria  for  verifying  conformance  will  be 
delineated.  All  participating  agencies  will  submit  their  contributions  for 
compilation  by  the  steering  committee.  Lewis  and  AFGL  will  be  responsible  for 
Issuing  the  design  guidelines  and  test  standards. 


ORGANIZATIONAL  RESPONSIBILITIES 

Steering  committee: 

(1)  Overall  planning,  coordination,  and  reporting  of  the  Investigation 

(2)  Incorporation  of  user  requirements  Into  the  Investigation 

(3)  Coordination  of  basic  plasma  phenomena  modeling 

(4)  Coordination  of  spaceflight  experiment  options 

(5)  Conduct  of  annual  irectlng,  Issuance  of  minutes,  and  formation  of 
working  groups 

AFGL: 

(1)  Air  Force  point  of  contact 

(2)  Coordination  for  Air  Force 

(3)  Development  of  test  standards  and  mil 1ta»y  standards 

(4)  Natural  environment  engineering  specifications  and  basic  Interaction 
analytical  studies:  wake  and  ram 

(5)  Techniques  for  mitigating  system-limiting  effects 

(6)  Analytical  modeling  of  large  space  structures 
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AFWAL: 


(1)  Development  of  new  or  modified  materials 

(2)  Studies  and  development  testing  of  high-voltage,  high-power  systems 

RAOC:  Study  of  effects  of  penetrating  radiation  and  charging  on  materials 

NASA  HQ:  Ensurance  of  environmental  Interactions  technology  responsible  to 
NASA  needs 

Lewis: 

(1)  NASA  point  of  contact 

(2)  Coordination  for  NASA 

(3)  Determination  of  material  properties 

(4)  Issuance  of  design  guidelines  document 

(5)  Conduct  of  basic  Interaction  experimental  studies:  biased-system  - 
charged- particle  Interactions 

(6)  Analytical  modeling  of  high-voltage  system 

JPL: 

(1)  Specification  of  Earth  and  planetary  environments 

(2)  Determination  of  material  properties 

(3)  Conduct  of  basic  Interaction  experimental  studies:  dlscnarges 

(4)  Conduct  of  analytical  discharge  studies 

(5)  Formulation  of  enhanced  spacecraft  environment  specification 
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INTERACTIONS  MEASUREMENT  PAYLOAD  FOR  SHUTTLE 


D.  A.  Guldlce  and  C.  P.  Pike 
Air  Force  Geophysics  Laboratory 
Hanscora  Air  Force  Base,  Massachusetts  01731 


Tin  purpose  of  the  Interactions  Measurement  Payload  fosr  Shuttle  (IMPS)  la 
to  develop  a  payload  of  engineering  experiments  to  determine  the  effects  of  the 
apace  environment  on  projected  Air  Force  space  systems.  Measurements  by  IMPS 
on  a  late-1980fc  polar-orbit  Shuttle  flight  will  lead  to  detailed  knowledge  of 
the  interaction  of  the  low-altitude  polar-auroral  environment  on  materials! 
equipment  and  technologies  to  be  used  In  future  large,  high-power  space  systems. 
The  results  from  the  IMPS  measurements  will  provide  direct  input  to  M1L-STD 
design  guidelines  and  test  standards  that  properly  account  for  space-environment 
effects. 


INTRODUCTION 

The  adverse  effects  of  the  space  environment  on  apace  systems  have 
caused  many  operating  anomalies  In  communication  and  surveillance  satellites. 

These  anomalies  ware  mainly  associated  with  energetic-particle  radiation  or 
with  spacecraft  charging  at  geoaynchronoua  altitudes.  For  larger  space  systems 
operating  in  low-earth  polar  orbits,  a  new  set  of  environment-induced  inter¬ 
actions  will  affect  the  operation  of  various  equipments  and  subsystems.  These 
adverse  affects  may  limit  the  construction  or  mechanical  performance  of  large 
sLru<":ures  in  space  or  limit  the  power  levels  available  for  solar-cell  sources. 
Before  any  new  Air  Force  space  ayatema  are  built  and  deployed,  we  must  obtain 
sufficient  environment-interaction  Information  to  assure  their  continued  effec¬ 
tive  operation  in  space. 

The  effects  of  the  space  environment  on  large-structure,  high-power  space 
systems  arc  unknown.  Of  particular  concern  Is  operation  In  the  polar-auroral 
region  at  low  to  medium  altitudes  (200  to  2000  km).  The  physical  processes  of 
this  regime  and  the  interactions  of  the  environment  with  materials,  subsystems, 
and  technologies  characteristic  of  Air  Force  space  systems  of  the  1990s  must  be 
quantified  to  asaure  the  reliable  operation  of  projected  space  systems.  IMPS 
will  measure  polar-auroral  effects  on  solar-array  panels,  spacecraft  materials, 
structures,  electronic  subsystems,  and  astronaut  EVA  equipment.  It  emphasises 
application  to  large,  high-power  systems  and  is  directed  toward  technologies 
identified  in  the  Military  Space  Systems  Technology  Model  (MSSTM). 

SPACE  OPERATIONS  AND  POSSIBLE  INTERACTIONS 

The  first  step  In  deciding  what  Instrumentation  should  ba  included  in  IMPS 
is  to  define  several  Air  Force  space-operations  objectives  and  determine  how  the 
space  environment  will  interact  with  the  equipment  or  technologies  needed  to 
carry  out  those  operations.  Slnct  IMPS  will  fly  In  polar  orbit,  polar-auroral 
environment  interactions  will  be  emphasised.  The  purpose  of  the  IMPS  measurements 
will  be  to  quantify  important  environmental  Interactions  —  those  that  will 
restrict  certain  kinds  of  space  operation,  limit  the  performance  of  a  particular 
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system,  or  prevent  (or  make  impractical)  the  use  of  a  certain  technology. 

After  deciding  tdiat  kinds  of  Interaction  are  likely  to  have  serious  effects, 
we  must  determine  what  interaction  parameters  can  actually  be  measured  on  a 
polar-orbiting  Shuttle  flight.  In  conjunction  with  the  measurements  of 
effects  on  materials,  equipments  and  technologies,  we  must  characterise  the 
physical  properties  of  the  environment  causing  the  interactions.  The  deter¬ 
mination  of  the  required  interactions  measurements  will  lead  to  a  definition 
of  IMPS  mission  objectives. 

Some  generic  Air  Force  space  operations  to  be  addressed  by  IMPS  are: 

a.  Operation  of  optical  systems 

b.  Operation  of  radar  systems 

c.  System  deployment  or  on-orbit  repair  necessitating  astronaut  extra¬ 
vehicular  activity  (EVA). 

Operation  in  the  polar-auroral  environment  is  to  be  stressed. 

Possible  s pace -environment  effects  on  optical  systems  include: 

(1)  Effects  associated  with  large  heat  dissipation  resulting  from  the  low 
efficiency  of  lasers  or  cryogenic  refrigerators  (for  cooled  Infrared  detectors). 

(2)  Effects  of  contamination  and  material  property  changes  on  optical 
surfaces. 

(3)  Limitations  in  power  generation  due  to  leakage  or  arc-dischargu  In 
solar  arrays. 

(4)  Plasma  effects  on  solar-cell  material. 

(5)  Differential  charging  of  closely-packed  small  dielectric  surfaces 
(mult i-ele meat  Infrared  detectors). 

(6)  Effects  on  large  high-precision  structures  used  to  support  and  point 
complex  optical  assemblies. 

Figure  1  ahows  a  possible  configuration  for  a  space-based  radar  system, 
from  which  one  can  begin  to  perceive  potential  environmental  interactions. 

Some  possible  space-environment  effects  on  radar  systems  include: 

(1)  Limitations  in  power  generation  due  to  leakage  or  arc-discharge  in 
solar  arrays. 

(2)  Plajraa  effects  on  solar-cell  material. 

(3)  For  power  distribution  utilizing  high  voltages:  arc-discharges, 
dielectric  breakdowns. 

(4)  For  power  distribution  utilizing  high  currents:  structural  stresses 
and  torques  due  to  large  prime-power  current  loops  and  in-orbit  varying 
terrestrial  magnetic  field. 
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(5)  Electr onugnefcic  interference  (EMI)  effecting  radar  receiver  performance* 

(6)  Plasma  effects  (such  as  differential  charging)  on  feed  structure  end 
reflector  materials. 

Figure  2  shows  astronauts  engaged  in  space-system  deployment  or  in-orbit 
repair  activities  requiring  EVA.  Some  possible  space -environment  effects  on 
this  activity  include: 

(1)  Differential  charging  between  the  astronaut  and  his  spscacraft  or  the 
spacecraft  being  repaired  due  to  particular  environmental  conditions  in  the  area. 

(2)  Interactive  effects  on  the  electronics  of  future  EVA-aystema  due  to 
electromagnetic  Interference  or  differential  charging* 

(3)  Effects  In  the  space-plasms  environment  due  to  thermal-control  water 
discharge  in  the  astronaut's  Life  Support  System  (LSS)* 

IMPS  CONCEPTS 

The  objective  of  tho  Interactions  Measurement  Payload  for  Shuttle  (IMPS) 
program  is  to  develop  s  payload  of  appropriate  engineering  experiment e  to 
measure  the  effects  of  the  polar-auroral  environment  on  materials,  subsystems, 
and  technologies  that  will  be  used  in  future  Air  Force  space  systems.  The 
payload  will  consist  of: 

a.  A  complement  of  engineering  experiments  to  measure  and  quantify  the 
different  kinds  of  interact ivs  effects  caused  by  the  environment  on  various 
parts  of  projected  future  space  systems. 

b.  In  support  of  the  engineering  experiments,  a  limited  set  of  polar- 
auroral  environment  sensors  to  characterise  the  environment  causing  the  dis¬ 
ruptive  Interactive  effectc. 

Interactive  effects  to  be  investigated  by  the  engineering  experiments  will 
include: 

(1)  Interaction  of  the  auroral  plasma  and  current  sheets  on  high-voltage 
solar  arrays,  resulting  in  power  leakage  or  arc-breakdown. 

(2)  Interaction  of  spacecraft  electrical  currents  with  polar  magnetic 
fields  on  large  space  structures,  causing  torqueo  or  structure  deformation 
(reducing  the  pointing  accuracy  of  a  large  antenna,  for  example). 

(3)  Interactions  that  increase  electromagnetic  interference,  reducing  the 
effectiveness  of  space  communications  or  surveillance  systems. 

(4)  Interactions  that  degrade  the  properties  or  performance  of  materials  or 
electronic  circuitry,  resulting  in  operational  anomalies  or  subsystem  failures. 

(5)  Interact  ions  that  pose  a  threat  to  the  astronaut  during  polar-orbit  EVA 
(causing  a  malfunction  in  the  astronaut's  Manned  Maneuvering  Unit,  for  example). 
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Figure  3  illustrate*  the  concept  of  the  Interactions  Measurement  Payload 
being  developed  under  Project  2822.  The  IMPS  effort  is  one  of  three  projects 
in  Program  Element  63410F,  Space  System*  Environmental  Interactions  Technology. 

PE  63410F  is  an  integral  part  of  the  Agreement  for  NASA/OAST  ~  USAF/AFSC  Space 
Interdependency  on  Spacecraf t-Envlronaent  Interaction  (May  1980).  Under 
PE  634 10F,  IMPS  le  responsible  for  polar-auroral  interactions  measurements. 

IMPS  will  make  substantial  use  of  the  space  technologies  and  instrumentation 
developed  by  NASA  technology  centers  and  Air  Force  organisations  such  as  Air 
Force  Wright  Aeronautical  Laboratories  (AFWAL). 

IMPS  PRELIMINARY  WORK 
Initial  Payload  Concept  Study 

In  FY82,  Jet  Propulsion  Laboratory  (JPL),  under  the  direction  of  Air  Force 
Geophysics  Laboratory  (AFGL ) ,  carried  out  a  basic  shuttle  payload  concept  atudy. 
It  was  through  this  study  that  many  of  the  basic  concepts  for  IMPS  were  first 
defined.  In  December  1981,  JPL  hosted  a  meeting  attended  by  about  70  experts 
in  a  number  of  key  spacecraft  Interaction  areae.  Experiment  questionnaire* 
were  distributed  to  the  meeting's  participants;  ultimately  about  70  were  re¬ 
turned.  The  Information  from  these  questionnaires  was  usad  by  JPL  to  put 
togsthsr  an  initial  IMPS  sxperimsnts  list  which  was  subsequently  reviewed  and 
modified  by  AFCL.  Additional  roviews  and  meetings  with  AFGL,  JPL,  and  AF 
Space  Division  personnel  lead  to  further  refinements  in  the  payload  concept. 
Eventually,  three  sequential  payloads  wars  defined,  each  of  the  latter  payloads 
adding  to  the  experiments  of  the  previous  one. 

Pay lead  A  consisted  of  engineering  experiments  and  environmental  sensors, 
but  had  no  "active**  engineering  experiments  (experiments  that  contribute  to  the 
environment  causing  the  interactions).  Payload  8  had,  in  addition  to  A' a 
experiments  and  sensors,  two  "active"  engineering  experiments:  a  Charge  Control 
System  (CCS)  end  e  Plasma  Interactions  Experiment  (P1X).  Payload  C  added  (to 
Payload  B)  an  experiment  evaluating  Interactions  with  astronaut  EVA  systems. 
Payload  C  is  shown  in  Figure  4.  AFGL  ha*  submitted  e  Space  Flight  Request  (DD 
Form  1721)  for  IMPS  utilising  JPL' a  Payload  0  to  the  Space  Test  Program  (STP). 
IMPS  (AFGI.-306)  now  ranks  high  on  the  priority  list  for  Shuttle  flight  under  STP. 


IMPS  Baseline  Definition 

Before  beginning  the  full-scale  development  of  instrumentation  for  IMPS, 
one  must  first  develop  a  program  baseline.  For  this  purpose,  Jet  Propulsion 
Laboratory,  under  AFGL’s  direction,  recently  began  an  IMPS  baseline  definition 
effort  to  Include: 

a.  Determination  of  what  will  be  required  of  the  IMPS  mission  to  satisfy 
Air  Force  spaca-operations  objectives. 

b.  Preliminary  and  final  recommandatlons  for  selection  (by  AFGL)  of  engi¬ 
neering  experiments  and  environmental  sensors  for  IMPS  through  the  work  of  an 
Engineerlng/Sclence  Working  Group  (ESWG). 
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c.  A.  recommended  IMPS  Implementation  plan  to  serve  aa  a  guide  for  the 
large-scale  future  work  to  develop,  test,  integrate,  and  fly  IMPS* 

d.  A  cost  estimate  for  the  IMPS  program  (for  later  trade-off  studies). 


IMPS  FOLLOW-ON  WORK 

In  general,  the  engineering  experiments  for  IMPS  will  be  obtained  through 
the  AF  laboratories,  NASA  technology  centers,  and  other  science  and  engineering 
organizations  that  will  be  developing  hardware  and  technology  for  future  space 
application.  Because  theee  organizations  are  looking  forward  to  the  eucceeaful 
usage  or  operation  of  their  hardware/ technology  in  apace,  they  have  shown  e  strong 
Interest  in  the  IMPS  program  as  a  means  of  finding  out  how  their  hardware /tech¬ 
nology  will  be  affected  by  the  space  environamnt.  AFGL  will  provide  to  theee 
organ! sat  ions  support  from  the  IMPS  program  to  put  together  engineering  experiments 
iuvoxving  their  Internally-developed  material!,,  equipment,  or  technologies.  These 
experiments  will  be  designed,  fabricated,  and  tested  under  the  direction  of  the 
of  the  particular  AF  laboratory,  NASA  technology  center,  or  other  S4E  organization. 
In  moat  instances,  the  detailed  work  will  be  carried  out  through  contracts  with 
universities,  research  organization*,  and  industrial  companies. 

Experiment  and  Seneor  Development 

Work  on  IMPS  instrument  development  will  Include: 

a.  Selection  of  required  engineering  experiments  and  environmental  sensors 
by  AFCL. 

b.  Design  of  the  Individual  engineering  experiments. 

c.  Development  and  fabrication  of  the  experiments  and  senaors. 

d.  Testing  of  Individual  engineering  experlmente  and  environmental  sensor 
packages  at  the  builder's  facility  to  ensure  that  they  fulfill  IMPS  requirements 
for  making  the  various  measurements.  Testing  to  ensure  that  they  conform  to  IMPS 
guidelines  regarding  commend  and  power  distribution,  recording  and  telemetry,  etc. 
Testing  to  ensure  the  experiments  and  sensors  meet  Shuttle  operations  and  safety 
standards. 


Integration  and  Shuttle  Flight 

AFGL  will  bring  together  the  engineering  experiments  and  environment  sensors 
obtained  from  the  various  organizations  responsible  for  their  development  end 
deliver  them  to  the  Space  Teat  Program  for  integration.  STP  will  then  become 
responsible  for  IMPS.  Shuttle  flight  arrangements  and  scheduling  will  also  be 
handled  by  STP. 


Data  Analysis 

During  the  Shuttle  flight  of  IMPS,  there  will  be  a  need  for  real-time 
monitoring  of  some  of  the  instruments.  Although  IMPS  operation  will  be  made 
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essentially  automatic,  careful  monitoring  will  be  required  when  an  MactlveH 
part  of  an  experiment  (a  plasma  sourer,  for  example)  is  turned  on.  It  Is  also 
Important  that  during  a  significant  event  (an  encounter  with  an  auroral  arc, 
for  example)  the  data  collection  rate  be  increased,  so  aB  to  permit  later  high- 
time-resolution  analysis  of  important  phenomena. 


After  the  flight  of  IMPS  aboard  Shuttle,  the  Space  Teat  Program  will  provide 
AFGL  with  data  for  the  various  engineering  experiments  and  environmental  sensors. 
Additionally,  STP  will  provida  orientation  and  geographic  position  of  the  Shuttle, 
position  and  orientation  of  any  packages  moved  out  of  the  bay,  information  on 
thruater  firings,  "housekeeping"  date,  etc.  Under  e  data  utilization  plan 
developed  before  the  Shuttle  flight,  APGL  will  distribute  the  data  for  analysis. 
The  data  will  go  not  only  to  those  responsible  for  the  individual  experiment! 
but  also  to  organizations  selected  to  do  comprehensive  analyses  on  various 
interaction  phenomena.  Particular  attention  will  be  paid  to  correlating  changes 
in  the  physical  properties  of  the  environment  with  enhanced  interactions  noted 
on  particular  materials  or  equipment. 

Within  the  first  year  following  a  successful  IMPS  Shuttle  flight,  APGL  will 
conduct  a  series  of  data  workshops  at  vdiich  the  IMPS  data  would  be  made  avail¬ 
able  so  that  experimenters  can  compare  their  results.  Workshops  would  be  con¬ 
fined  to  key  topics  such  ee  contamination  &  materials  degradation,  or  charging 
&  arc-discharges,  or  EMI  generation,  etc.  By  keying  on  a  particular  topic,  it 
should  be  possible  to  generate  an  uuthoritative  report  on  that  subject  as  the 
output  of  the  workshop.  These  reports  can  then  be  directed  toward  improving 
relevant  MIL-STO  design  guidelines  and  teat,  standards  by  providing  the  proper 
environmental  interaction  input. 


CONCLUSIONS 

The  successful  operation  of  the  Interactions  Meaourement  Payload  on  a  late- 
1980s  Shuttle  flight  will  lead  to  detailed  knowledge  of  the  effects  of  the  polar- 
auroral  environment  on  materials,  equipment  and  technologies  of  future  space 
systems.  The  output  from  IMPS  will  provide  direct  input  to  the  development  of 
MIL’STD  design  guidelines  and  test  standards  far  plannod  military  space  systems. 
The  data  collected  by  IMPS  can  be  used  to  validate  computer-aided  design  (CAD) 
tools  that  properly  account  for  space-environment  effects.  The  utilization  of 
the  information  gathered  from  the  DIPS  measurements  will  prevent  operational 
failures  due  to  unanticipated  environmental  effects  and  minimize  costly  down¬ 
stream  redesign  of  expensive  space  systems.  Risks  to  spacecraft  and  crews 
will  be  greatly  decreased  by  the  elimination  of  uncertainties  about  the  disrup¬ 
tive  effects  of  the  polar-auroral  environment. 
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Figure  3.  -  Interactions  measurement  payload  for  Shuttle  (IMPS) 
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Futura  spacecraft,  notably  tha  proposed  Space  Station,  will 
require  power  systems  much  larger  than  have  previously  been 
flown.  Efficiency,  cost,  mass  and  array  also  considerations 
demand  the  solar  array  operate  at  a  higher  voltage  than 
previous  spaoeoraft.  It  is  recognised  that  at  higher  voltages, 
and  at  the  relatively  high  plasma  density  present  at  low  earth 
orbital  altitudes,  undesirable  interactions  between  the  high 
voltage  solar  array  and  the  space  plasma  will  oocur.  These  can 
lead  to  parasitic  power  loss  and/or  araing.  Such  interactions 
are  complex  and  oannot  be  understood,  properly  simulated  or 
evaluated  by  ground  testing  and  modeling  alone.  Space 
experiments  on  high  voltage  solar  array  spnoe  plasma 
interactions  in  low  earth  orbit  are  an  absolute  requirement  for 
confident  design  of  a  higher  voltage  solar  array.  Experiments 
are  presently  beiug  identified  to  provide  the  necessary  spaoo 
data  for  calibration  of  ground  testing,  validation  of 
analytical  models,  and  development  of  design  guidelines 
required  for  confident  design  of  high  voltage  solar  arrays  in 
space.  This  paper  summarises  one  proposed  flight  experiment 
program  whiah  is  designed  to  obtain  the  requirod  data. 


INTRODUCTION 


Interactions  between  a  spaoeoraft  and  itB  orbital  particle  and 
field  environment  can  have  significant  impact  on  the  spaoeoraft 
systems*  operation  and  life.  Radiation  damage  and  aerodynamic 
drag,  for  example,  must  be  considered  in  designing  any  spaoe 
system.  There  are,  however,  a  number  of  orbital  environmental 
interactions  which  become  important  design  considerations  only 
for  large  and/or  high  power  systems.  Their  impact  must  be 
assessed  to  ensure  successful  design.  In  particular, 
interactions  between  higher  voltage  solar  arrays  and  the  space 
plasma  are  of  oritioal  concern  in  designing  large  orbital  power 
systems  suoh  as  are  required  for  a  spaoe  station. 
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Most  U.  S.  spacecraft  to  date  have  used  low  voltage  solar 
arrays,  genera iing^pover  near  30  volts.  The  highest  voltage 
array  flown  by  NASA  to  date  vras  on  Skylab,  which  had  a  solar 
array  with  a  normal  operating  voltage  of  70  volts  and  generated 
16  kW  of  power.  Future  large  systems  will  require  increasing 
power  generation  capability.  For  example,  a  solar  ar:*ay 
providing  35-50  kW  of  power  for  a  low  inclination,  low  altitude 
(300  km)  space  system  will  need  to  generate  about  100  kW  of  ? 
power  when  in  sunlight.  As  power  levels  increase,  the  mass,  I^R 
power  loss  and  power  distribution  system  complexity 
penalties  for  maintaining  low  solar  array  voltages  become 
prohibitive,  making  higher  voltage  array  designs  mandatory 
(Ref.  l).  It  is  tiius  necessary  to  thoroughly  understand  high 
voltage  solar  array  operation  in  the  spaoe  plasma  environment. 
Unfortunately,  no  adequate  simulation  or  mod>l  calibration  can 
be  achieved  with  ground  based  experiments  alone. 

Solar  array  systems  consist  of  strings  of  solar  colls  with 
metallic  interconnects  between  them.  These  interconnects  are 
at  voltages  depending  upon  their  positions  in  the  array  circuit 
and  are  usually  exposed  to  the  spaoe  environment.  Vhen  such 
systems  are  placed  in  orbit,  they  will  interact  with  the 
naturally  occurring  space  plaema.  Two  types  of  potentially 
hazardous  interactions  to  a  higher  voltage  solar  array  in  orbit 
are  presently  recognized:  power  loss  from  parasitic  currents 
through  the  plasma)  and  aroing.  Both  of  these  interactions  are 
plasma  density  dependent  and  present  greater  hazards  at  higher 
densities.  The  low  temperature  ionoapherio  plasma  haa  a  peak 
density  (of  10°  particles/om^ )  at  about  300  km  altitude.  High 
voltage  ayatem-plasma  interactions  will  therefore  be  most 
severe  in  low  earth  orbits.  The  power  levels  envisioned  for 
S'  Jh  apaoeoraft  ae  the  proposed  Spaoe  Station  drive  tho  design 
toward  higher  solar  array  operating  voltages.  Vhen  the 
spacecraft  exits  eclipse,  this  voltage  will  be  even  higher 
until  the  array  warms  up.  Successful  design  of  higher  voltage 
arrays  relies  on  understanding  the.  limits  Imposed  by  plaema 
interactions . 

NASA’s  Office  of  Aeronautics  and  Spaoe  Technology  (OAST)  is 
pursuing  the  needed  technology  development  in  photovoltaios, 
energy  storage,  and  power  management  and  distribution  to 
enhance,  enable,  and  ensure  the  environmental  compatibility  of 
high  power  syeteme.  Teohnology  programs  are  underway  to 
develop  and  demonstrate  advanced  planar  and  concentrator  solar 
cells  and  array  designs.  A  Joint  NASA/U.S.  Air  Force 
Spacecraft  Environmental  Interactions  Technology  investigation  is 
also  underway  to  evaluate  the  impact  of  the  plasma  and  field 
environments  on  Bystem  performance  (Ref.  2).  These  programs 
are  basically  ground  technology  efforts  involving  ground 
experiments  and  model  development.  A  complementary  program  of 
space  flight  experiments  is  required  for  several  reasons. 

First,  the  ground  test  environment  is  necessarily  an  incomplete 
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simulation  of  space  conditions.  The  interactions  are  dependent 
on  the  plasma  and  neutral  background  parameters  around  the 
solar  array.  A  space  environment  is  therefore  required. 

Because  some  of  tho  interaction  phenomena  may  extend  many 
meters,  there  are  concerns  regarding  the  effect  the  chamber 
walls  may  introduce  in  ground  testing.  Also,  most  testing  haB 
involved  applying  a  voltage  bias  on  solar  array  segments  and 
evaluating  tho  interaction  of  such  segmento  with  the  plasma. 
From  these  experiments,  estimates  of  interactions  impact  on 
solar  array  performance  have  been  made.  However,  the  system 
level  interactions  can  be  very  complex.  Therefore,  it  is 
necessary  to  obtain  a  direct  measure  of  the  performance  of  a 
large  solar  array  generating  tta  own  voltage  and  operating  in 
the  apace  environment,  including  the  effects  of  parameters  such 
as  ram/wake  which  cannot  be  simulated.  Also,  it  is  clear  from 
STS-3  data  that  the  presence  of  a  large  body  in  orbit  perturbs 
the  ambient  environment  in  ways  which  are  as  yet  not  fully 
understood,  but  which  may  have  significant  impact  on  aystem- 
environmen'c  interactions.  Finally,  flight  data  is  absolutely 
oritical  to  provide  "space  truth"  information  for  use  in 
calibrating  ground  simulations,  demonstrating  operating  impaota 
and  validating  system  level  models  which  must  be  used  to 
predict  interactions  impacts  for  proposed  designs.  This  paper 
summarizes  the  interaction  concerns  for  higher  voltage  arrays 
in  orbit,  the  ongoing  teohnology  investigations,  and  describes 
a  proposed  series  of  Shuttle  experiments  designed  to  obtain  the 
required  flight  data. 


ENVIRONMENTAL  INTERACTIONS 
BACKGROUND 


The  attention  of  the  environmental  interactions  community  was 
for  several  years  focused  on  the  investigation  of  spacecraft 
charging,  an  interaction  which  had  been  found  to  be  hazardous 
for  geosynchronous  spacecraft  and  was  intensively  studied  by 
NASA  and  the  Air  Force  (Ref.  3).  In  the  late  1970's,  interest 
in  high  voltage  interactions  again  intensified,  and  their  study 
was  resumed  under  the  auspicec  of  the  Joint  NASA/USAF  Spacecraft 
Environmental  Interactions  Technology  investigation  (ref.  2). 

The  ground-technology  program  uses  the  experimental  facilities 
at  NASA  and  USAF  centers,  builds  upon  the  modeling  capabilities 
developed  during  the  spacecraft  charging  investigation,  and 
uses  the  earlier  high-voltage  study  results  (refs,  k  to  ll). 
Among  the  goals  of  the  technology  program  is  the  development 
of  design  guidelines  and  analytical  tools  for  higher  voltage 
solar  arrays  for  Earth  orbital  applications. 

This  requires  flight  data  to  ensure  that  the  phenomena  observed 
in  ground  testing  occur  in  orbit,  to  examino  conditions  not 
obtainable  in  ground  facilities  and  to  validate  the  models.  To 
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data,  two  ■■all  scale  Plasms  Interactions  Experiments  (PIX-I 
and  PIX-II)  hay#  baan  designed,  built  and  flown.  Both  wars 
piggybacks  on  saoond  stags  Delta  vehioles  and  in  approximately 
900  ka  circular  polar  orbits*  PIX-I,  whloh  flaw  in  Naroh  1978, 
and  returned  two  hours  of  data,  demonstrated  that  the  current 
collection  enhancement  and  arcing  phenomena  observed  in  ground 
testing  of  planar  array  segments  also  occur  in  orbit  (Ref*  4). 
The  16  hours  of  planar  array  data  returned  by  PIX-II,  which 
flew  in  January  198?,  are  still  under  analysis.  Preliminary 
results  indicate  that  the  minimum  arcing  onset  voltage 
decreases  with  increasing  plasm*  density  and  that  tank  wall 
effeots  influence  current  collection  behavior  at  high  positive 
voltages  in  ground  tests. 

No  data  is  available  on  raa/wake  effects,  influence  of  the 
presence  in  orbit  of  a  large  system,  or  the  effect  of 
interactions  on  the  operational  characteristic*  of  a  large 
higher  voltage  array.  Understanding  these  effeots  is  oritioal 
to  developing  useful  design  guidelines  for  suoh  solar  arrays. 


Solar  Array  Voltage  Positive  Relative  to  Plasma 


figure  1  represents  experimental  data  for  a  solar  array  section 
biased  positive  with  respect  to  the  plasma  in  which  it  is 
immersed  (Ref.  11).  The  left  half  of  the  figure  illustrates 
that  at  voltages  greater  than  100-180  volts,  the  electron 
current  collected  by  the  solar  array  increases  dramatically. 

The  right  half  of  the  figure  illustrates  why.  Even  though  the 
eolar  array  surfaoe  is  dieleotrio,  the  surfaces  beooae  highly 
positive  and  colleot  current  as  though  the  whole  surfaoe  wero  a 
conductor.  The  explanation  appears  to  be  that  as  the  plasma 
sheath  grows  around  exposed  interconnects  or  pinholes,  the 
aooelerated  electrons  strike  the  dieleotrio  and  low  energy 
eeoondary  electrons  are  released  which  are  collected  by  the 
exposed  motel.  This  leaves  the  dielectric  oover  glass 
positive,  allowing  the  plaema  aheath  to  grow  over  the  solar 
oells.  Therefore,  the  solar  array  collects  electron  current  as 
though  it  were  a  conductor.  As  the  voltage  on  the  array 
segment  and  the  effective  collection  area  inoreaaea,  the 
ourrent  collected  rices,  as  indicated  in  figure  1  *  This 
ourrent  flow  through  the  plasma  is  ourrent  which  is  not 
available  to  the  epaoeoraft  and  therefore  represents  e  power 
loss  to  this  plasma  shunt.  Depending  on  the  solar  array 
voltage  the  power  loss  can  be  substantial  and  can  seriously 
impaot  array  performance. 

No  direct  measure  of  the  power  lose  exists  because  essentially 
all  data  consists  of  ourrent  collected  by  solar  array  segments 
with  a  potantial  impressed  on  them  by  a  power  supply.  The 
power  loes,  which  will  be  experienced  in  e  solar  array  due  to 
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the  collection  of  ourrent  from  the  plaema,  has  often  been 
estimated  by  multiplying  the  oolleoted  aolar  array  segment 
ourrent  by  the  voltage  between  the  aolar  array  segment  and  the 
plasma  and  summing  over  the  segments.  Suoh  an  estimation  does 
not  consider  the  ourrent  flow  in  the  solar  array.  A  solar 
array  which  is  not  in  a  plasma  environment  will  have  only  tho 
load  ourrent,  I,  flowing  in  It.  The  ourrent  is  the  same 
throughout  the  array  and  it  oan  be  operated  at  the  maximum 
power  point.  However,  a  high  voltage  solar  array  immersed  in  a 
plasma  will  oolleot  plasma  ourrent  which  will  flow  through  the 
array  in  addition  to  the  load;  current.  The  plasma  ourrent 
oolleoted  at  a  looation  on  the  array  is  a  funotion  of  the 
potential  between  that  looation  on  tha  array  and  spaot.  The 
ourrent  flowing  through  a  speoific  point  in  tha  array  is  the 
load  ourrent  and  tha  sum  of  electron  ourrenta  oolleoted  at 
points  in  the  array  at  higher  positive  voltages.  Therefore, 
nonuniform  currents  will  flow  within  the  array.  To  operate  at 
the  solar  array  maximum  power  point,  eaoh  individual  otll  will 
operate  off  its  individual  maximum  power  point. 

In  ground  teats,  a  voltage  ia  impressed  on  teat  aamplea  and  the 
ourrent  oolleoted  from  the  pleama  le  measured.  Beoauae  the 
voltage  is  applied,  there  lo  no  differential  voltage  between 
the  solar  oells.  However,  for  a  eolar  array  whioh  is 
genurating  lta  own  voltaga  by  having  aolar  oalla  placed  in 
aeries,  there  will  be  voltage  gradients  on  the  surfaoe  of  the 
oells  due  to  difference  in  voltage  between  cells.  The 
gradients  may  ba  quite  high  if  the  cells  are  strung  suoh  that  . 
solar  cells  at  considerably  different  voltages  lie  next  to  eaoh 
other,.  T*he  eleotrio  field  structure  In  the  plasma  sheath  may 
be  oomplex  due  to  solar  oell  layout.  Beoauae  euoh  voltage 
gradients  exist,  them  is  the  possibility  of  ourrenta  between 
oelle  due  to  field  emissions  and/or  secondary  electron  emission 
and/or  some  other  surfaoe  ourrent  mechanism  not  Identified. 
These  more  looeliaed  ourrenta  may  produoe  an  additional 
shunting  of  portions  of  the  solar  array. 

A  discharge  phenomena  around  the  aolar  array  haa  also  been 
observed  in  some  ground  testa  (Ref.  13).  In  these  oases  a 
bright  glow  appsarad  around  the  solar  array  end  the  electron 
ourrenta  oolleoted  by  the  solar  array  from  the  pleama  .increased 
by  orders  of  magnitude.  Suoh  an  inoreaae  in  oolleotad  ourrant 
will  substantially  affect  the  power  iloes  in  the  solar  array. 

Because  of  the  oomplex  nature  of  high  voltage  solar  array/ 
plasma  interactions,  it  is  necessary  to  experimentally 
determine  the  power  ourve  of  a  aolar  array  operating  in  a 
plasma  environment. 
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Solar  Array  Voltage  Negative  Ralatlva  to  Plaana 


Figure  1  illuatrataa  tha  observed  effects  of  a  aolar  array 
segment  biaaad  positive  of  tha  surrounding  plasma.  Diffarant 
affaota  ara  obaarvad  for  a  solar  array  aagmant  biased  to  a 
negative  voltage  relative  to  tha  plasma.  Unlike  the  positive 
voltage  case,  the  solar  oell  oover  glass  voltage  does  not  rise 
to  the  interconnect  voltage  as  the  solar  cell  voltage  becomes 
more  negative.  A  steep  voltage  gradient  exists  between  the 
interconnect  and  other  exposed  metal  parts  of  the  solar  cells 
and  the  aolar  oell  surface.  For  impressed  voltages  of  several 
hundred  volts,  aroing  on  the  array  is  observed.  Pictures  of 
suoh  aroing  events  are  shown  in  figure  2  (Ref.  10).  The  aroing 
ooours  at  lower  negative  voltages  for  higher  plasma  densities. 
Aroing  has  been  observed  at  voltages  of  -250  volts  on  a  solar 
array  segment  in  a  plnsma  with  a  density  of  10*  elect rons/cm3 
(Ref.  13).  Ambient  plasma  densities  of  up  to  10*  eleotrons/om3 
may  be  encountered  in  space.  Suoh  solar  array  aroing  will 
introduce  large  ourrent  and  voltage  transients  vhioh  may  tend 
to  collapse  the  array  voltage.  However,  the  effeots  of  suoh 
aroing  on  the  solar  array  performance  is  presently  uncertain. 


Solar  Array-Spaoeoraf t-Spaoe  Plasma  Potentials 


A  spaoeoraft  in  orbit  and  immersed  in  the  space  plasma  will 
oome  to  a  potential  relative  to  the  plasma  suoh  thst  no  net 
ourrent  is  oolleoted.  The  solar  array  provides  an  additional 
complication  since  ambient  oharge  partioles  can  be  oolleoted. 
There  are  two  aolar  array  voltages  to  oonsider.  One  is  the 
operating  voltage  generated  by  the  solar  cells  in  series.  The 
other  is  the  potential  of  the  solar  array  relative  to  the 
surrounding  spwoe  plasma.  Some  point  on  the  array  will  be  at 
apaoe  potential  and  the  portions  of  the  aolar  array  poaitive  of 
this  point  will  oolleot  electrons  from  the  plasma  while  the 
negative  part  collects  ions.  Because  of  their  higher 
temperature  and  mobility,  electrons  are  muoh  more  easily 
oolleoted  than  ions.  Therefore,  to  oolleot  equal  electron  and 
ion  ourrent,  a  muoh  larger  area  at  a  negative  potential 
relative  to  the  plaama  is  required.  For  a  spaoeoraft  grounded 
to  the  negative  side  of  the  solar  array,  the  situation  on  the 
right  side  of  figure  3  will  result.  The  spaoeoraft  and 
negative  side  of  the  array  will  be  driven  below  space 
potential.  For  an  array  of  several  hundred  volts,  solar  array 
aroing  may  rosult,  and  sinoe  the  spacecraft  structure  will  be 
raveral  hundred  volts  negative,  it  will  experience  a  continuous 
ion  bombardment  for  the  spaoeoraft  lifetime  vhioh  may  alter 
surfaoe  thermo-optical  properties.  Another  spaoeoraft  without 
suoh  a  solar  array  or  an  untethered  astronaut  will  be  near 
space  potential.  The  resulting  potential  difference  between 
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such  a  free  flyer  and  the  hifhly  negative  spacecraft  can  poae 
serious  safety  concerns.  The  highly  negative  apaoecreft 
potential  will  alao  Interfere  with  eoae  science,  e.g.,  particle 
and  plasaa  data  acquisition. 

* 

If  an  eleotron  gun  or  plasma  souroe  is  operated  on  the 
spaoeoraft.  eleotrona  collected  by  the  positive  portion  of  the 
solar  array  will  be  released  baok  to  space.  Large  negative 
potentials  vill  not  result,  and  if  electrons  are  freely 
released,  the  situation  on  the  loft  in  figure  3  sill  result. 


Plaeaa  Perturbation 


Many  sounding  rocket  experiaenta  have  been  flown  whioh 
investigated  the  aagnetosphere  by  releasing  eleotron  beaaa 
along  the  earth's  aagnetie  field  lines  (Hef.  14).  It  was 
anticipated  that  the  rooket  body  would  charge  hundreds  to 
thousands  of  volts  positive  due  to  the  release  of  a  high  energy 
eleotron  beaa.  This  was  not  observed  to  be  the  oase.  The 
rooket  potentials  inoreased  to  only  30  to  100  volts  positive. 
Plasaa  diagnostic  devices  indicate  that  the  plaeaa  density  and 
temperature  inoreased  when  the  eleotron  beaa  was  reloaaed,  and 
that  a  looal  discharge  is  oreated  around  the  rooket  either  by 
eleotron  bombardment  ionisation  or  a  beam-plasma  disoharge 
(Kef.  14).  The  plaeaa  is  alao  observed  to  be  perturbed  at 
large  distanoes  from  the  rooket.  An  analogous  situation  oan  be 
expeoted  with  a  spaoeoraft  powered  by  a  high  voltage  solar 
array.  An  eleotron  gun  or  plaeaa  aouroe  operation  will  raise 
the  spaoeoraft  potential  to  near  space  potential  and  will 
therefore  drive  the  high  voltage  solar  array  very  positive  of 
tho  spaoe  plasaa  potential.  As  previously  described,  disoharge 
phenomena  for  positive  solar  arrays  in  a  plasaa  has  been 
observed  in  ground  tests  (Ref.  13;.  The  looal  disoharge  and 
plasaa  perturbations  observed  during  rooket  experiments  oan 
lnorease  power  loss  due  to  parasltlo  currents  and  Interfere 
with  solenoe  data  acquisition. 


PROPOSED  PLIGHT  EXPERIMENTS i  VOLTAGE  OPERATING  LIMIT  TESTS 


Recently,  OAST  proposed  a  new  flight  initiative,  Voltage 
Operating  Limit  Teata  (VOLT).  The  VOLT  project  is  a 
comprehensive  program  oomposed  of  a  series  of  four  Shuttle 
based  flight  experiaenta  whioh  will  provide  the  data  base 
required  to  design  euoosaeful  higher  voltage  eolar  arrays  for 
low  earth  orbit  (LEO)  power  systems.  Two  of  the  experiments, 
VOLT-1  and  VOLT-3  will  utilise  biased  solar  array  eegaents  of 
planar  and  oonoentrator  designs,  respectively,  to  scope  the 
nature  of  the  basic  interactions  in  LEO,  deteraine  raa/wake 
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effeote  and  identify  influences  of  tha  large  ITS  vahicla  on 
interactions.  Raaulta  will  ba  uaad  in  designing  tha  othar  two, 
mora  oonprahanaiva ,  sxpsriments.  VOLT-2  and  VOLT-4  will  taat 
large  araa  arraya  of  tha  planar  and  concentrator  daaigna, 
raapaotivaly ,  to  avaluata  tha  lapaota  of  interactions  on  array 
oparation  diraotly.  VOLT-7  and  VOLT-4  ara  aimilar  in  tha 
plAsma  intaraotiona  portion  of  thaaa  experiments  to  VOLT-1  and 
VOLT-2  except  that  VOLT-3  and  VOLT-4  both  uaa  oonoantrator 
aolar  arraya.  Therefore,  to  prevant  repetition,  only  a 
datailad  diaouaaion  of  tha  VOLT-1  and  VOLT-2  plasma  interaction 
experiments  will  be  presented. 

Thp  VOLT-1  experiment,  shown  mounted  in  tha  Shuttle  bay  in 
figure  4,  utilises  tha  backup  hardware  from  the  PIX-II 
experiment,  with  minor  modif ioations  for  Shuttle  flight 
compatibility.  The  objective  of  tha  VOLT-1  experiment  is  to 
avaluata  plasma  to  aolar  array  ourrenta  and  aro  thresholds  for 
planar  solar  array  segments  in  tha  LEO  environment.  Such  data 
is  like  that  collected  in  ground  teats  and  will  allow 
validation  of  basic  interaction  model  predictions  for  the 
Shuttle  LEO  environment.  Data  will  also  be  acquired  in  both 
ram  and  wake  conditions.  Beoauae  tha  experiment  is  hard 
mounted  in  the  bay,  tha  Shuttle  attitude  will  provide  ram  and 
wake  conditions  for  the  experiment.  The  data  acquired  by 
VOLT-1  will  allow  better  prediction  of  the  interactions  which 
will  be  expected  on  VOLT-2. 

The  VOLT-1  experiment  ia  comprised  of  an  eleotronios  enclosure 
and  an  experiment  plate,  upon  which  ia  attached  a  2000  om  solar 
array  segment.  The  electronics  enclosure  houses  the 
electrometers,  power  supply,  aun  and  temperature  sensor 
eleotronios,  a  Langmuir  probe  and  asaooiated  eleotronios, 
experiment  sequenoe  controller  and  tape  recorder.  VOLT-1  is  i 
envisioned  as  being  nearly  completely  self-oontained  and 
automatic,  requiring  only  an  electrical  ground  reference  and 
experiment  initiate  signals.  During  operation  positive  and 
negative  voltage  biases  will  be  impressed  on  the  array  in  steps 
until  potentials  of  jMOOO  volts  relative  to  ground  are  reached. 
Aroing  onoet  and  paraaitio  ourrenta  will  be  measured  for  both 
positive  and  negativa  biases. 

A  reflight  of  the  Solar  Array  Flight  Experiment  (SAFE),  with 
neceseary  modifications,  has  bean  proposed  as  a  high  voltage 
solar  array/apaoe  plaama  interactions  experiment  (Ref.  13). 

The  basic  SAFE  experiment  is  a  space  test  of  a  12.3  kV  size, 
lightweight  solar  array.  It  is  primarily  a  demonstration  of 
the  eolsr  array's  ability  to  deploy  and  retract  successfully 
and  to  obtain  data  on  the  dynamic  response  of  such  a  large 
struoture  in  space.  A  very  small  portion  of  the  aolar  array 
consists  of  active  solar  oalla  with  the  majority  of  the  area 
oovered  by  thin  aluminum  squares  to  simulate  the  solar  oell 
mass.  The  wing,  shown  in  figure  3  in  its  fully  deployed  state, 


measures  4m  by  32m.  Also,  a  conceptual  view  of  the  experiment 
deployed  from  the  Shuttle  bay  is  shown  in  figure  6. 

The  VOLT-2  plasma  interactions  experiment  utilises  the  SAFE 
hardware  with  three  primary  modifications.  These  aret  (l) 
that  three  solar  cell  panels,  each  consisting  of  two  modules, 
will  replace  three  of  the  present  SAFE  panels  and  will 
self-generate  solar  array  operating  voltagos  of  from  near  90  to 
in  excess  of  300  volts,  (2)  that  electron  release  devices  will 
be  added  to  control  the  solar  array  potential  to  space  and,  (3) 
plasma  diagnostic  instruments  will  be  added  to  determine  the 
ambient  and  perturbed  plasms  conditions  around  the  eoler  erray. 

The  VOLT-2  experiment  with  retraoted  solar  array,  is  shown  in 
figure  7.  This  experiment  will  allow  a  direct  measure  of  the 
solar  array's  performance  by  obtaining  I-V  ourves  as  functions 
of  solar  array  voltsgs,  solar  array-to-apSce  potential,  typa  of 
charge  release  devioe  maintaining  this  potential  and  ram/waka 
orientation.  It  will  also  determine  floating  potentials  for 
true  distributed  voltage  solar  array,  arcing  onset  voltages  and 
impact  of  arcing  on  the  solar  array.  Such  data  from  a 
functioning  solar  array  will  allow  validation  of  system  level 
model  predictions  of  solar  array  performance. 

The  three  active  panels  near  the  end  of  the  solar  erray  wing 
will  provide  about  14,300  ear  of  solar  array.  Eaoh  panel  will 
be  oompoaed  of  two  modules.  The  modules  will  be  plsoed  in 
various  parallel  end  eeriea  configurations  to  allow  tasting  at 
aolar  array  voltages  from  near  90  volts  to  in  sxossaof  300 
volts.  Figure  8  indicates  the  ohange  in  module  end  maximum 
array  voltage  as  a  function  of  orbital  position.  When  the 
solar  array  is  floating  in  ths  plasma,  suoh  that  it  is 
collecting  equal  eleotron  and  ion  ourrent,  80-90X  of  it  will 
have  to  float  negative.  Tests  will  be  oonduoted  by  switching 
thfa  floating  solar  array  from  lower  to  higher  operating 
voltages  and  aroing  phenomena,  floating  potential  nnd  solar 
array  performance  measurements  will  bs  obtained. 

The  high  current  hollow  oathode  and  plasma  source  will  be 
operated  for  tests  of  ths  solar  array  positive  relative  to 
space  potential.  These  sources,  with  possibly  ths  addition  of 
an  electron  gun  generating  an  energstio  electron  beam,  will, 
independently,  freely  emit  the  aolar  array  collected  electrons 
back  to  spaoe  and  will  control  to  solar  array  to  epaoe 
potential.  The  majority  of  the  solar  array  will  be  positive  of 
the  spaoe  potential  allowing  power  lose  evaluation  ae  well  ae 
investigation  of  local  discharge  phenomena  expected  in  the 
solar  array  vicinity.  Tha  array  potential  will  be  controlled 
by  the  spacecraft  automatic  aotivs  discharge  system  (8AADS)  of 
whioh  the  charge  release  devices  srs  an  integral  part.  Because 
of  their  interest  in  the  results  of  this  experiment,  the  Air 
Force  Geophysics  Laboratory  has  offared  to  furnish  this 


equipment  to  the  VOLT-2  experiment*  Sob®  plasma  diagnostics 
asaooiatad  with  3AADS  will  ha  looatad  on  tha  Mission  Paouliar 
Experiment  Support  Struotura  (MPB3S). 

A  minimum  complement  of  thraa  diacnostio  inatrumants  will  ba 
aountad  on  tha  and  of  tha  aolar  array*  Thaaa  ara  presently 
idantifiad  as  a  nsutral  density  instrument.  a  Langauir  proba 
and  a  Diffarantial  Ion  Flux  Proba  (Ref*  16).  Those  instruments, 
will  allow  dataraination  of  tha  aabiant  conditions  in  which  tha 
plasma  interaction  experiment  is  conducted  as  wall  as 
evaluation  of  perturbations  to  tha  plasaa  due  to  tha  high 
voltage  solar  array  operation* 

Figure  9  illustrates  the  anticipated  orbital  oonfiguration  of 
the  VOLT-2  experiment.  The  figure  indioataa  that  the  solar 
array  and  Shuttle  tall  will  be.  pointed  toward  tha  sun.  This 
oonfiguration  is  aore  advantageous  for  experiments  involving 
eleatron  release  by  elaotron  gun*  The  beam  oan  ba  projeoted 
along  tha  magnetic  field  line  and  not  strike  tha  solar  array* 
Tha  generated  plasaaa  will  also  tend  to  diffusa  along  aagnatio 
field  lines  and  away  from  tha  solar  array. 

Tha  orbital  yalooitles  of  spaoaoraft  for  LEO  ara  auoh  greater 
than  tha  thermal  ion  valooity  but  auoh  leas  than  the  thermal 
elaotron  valooity.  Tha  result  is  that  a*  *  spaoaoraft  moves 
through  tha  plasma  it  sweeps  out  tha  ions,  leaving  much 
deoreaaad  plasaa  density  in  its  wake,  which  is  oooupied  by  an 
excess  of  eleotrons,  relative  to  tha  ion  population.  As 
observed  in  figure  10,  there  will  be  positions  in  tha  orbit 
where  tha  wake  is  pn  tha  solar  oall  side  or  tha  baokside  of  tha 
solar  array  and  where  no  wake  exists  (whan  tha  spaoaoraft 
valooity  Vector  and  sun  line  ara  patrpendloular)  •  Data 
acquisition  at  those  various  positions  will  allow  determination 
of  power  loss,  arolng  and  plasma  perturbation  over  the  range  of 
anticipated  orbital  plasma  oonditions. 


CONCLUDING  REMARKS 


For  a  number  of  years  NASA  and  tha  USAF  have  planned  space 
missions  utilising  solar  arrays  whioh  generate  orders  of 
magnitude  more  power  and  operate  at  a  auoh  higher  voltage  than 
has  been  flown  previously.  During  this  same  time  ground 
technology  programs  have  addressed  the  interactions  between 
auoh  a  high  voltage  solar  array  and  the  ambient  spaoe  plasma. 
These  programs  have  given  us  a  basic  understanding  of  what 
interaotions  to  anticipate  and  undor  what  conditions*  Ground 
test  lnformatiou  has  been  augmented  by  flight  tests  which 
verified  that  the  effeots  observed  on  the  ground  are  observed 
in  spaoe*  However,  it  has  long  been  recognised  that  ground 
tests  are  limited  by  facility  sise,  facility  effeots  on  plasma 


and  electric  field  conditiona  and  tha  capability  to  accurately 
aimulatt  apaca  plaaaa  conditiona.  It  la  vary  important  to  taat 
aotual  aolar  array  parforaanoo  vith  a  largo,  aalf-ganaratad 
voltaga  ao  that  effects  of  largo  array  araa,  aurfaca  voltaga 
gradianta  and  varying  ourranta  in  tha  aolar  array  oan  ba 
evaluated.  It  ia  not  poaaibla  to  do  thia  adaquataly  in  a 
ground  teat  chamber. 

Tha  apace  teat  program  deecribed  in  thia  paper  ia  daaignad  to 
obtain  oritloal  information  on  aolar  array-plasma  intaraotlona 
and  thair  iapaot  on  array  parforaanoo  for  planar  and 
.concentrator  arraye.  Data  will  ba  obtained  under  conditiona 
and  at  array  aiaaa  not  obtainable  in  ground  tasting.  These 
data  are  oritloal  for  validating  the 'system  level  modele  vhi oh 
auat  be  uaad  to  evaluate  candidate  largo  power  system  daalgna 
and  for  developing  daeifn  guideline*  for  higher  voltaga  arrays. 
The  data  will  be  obtained  with  a  matrix  of  variablaa  ao  that 
tha  maximum  information  on  aolar  array  intaraotlona  and 
performance  in  the  LEO  plasma  environment  will  ba  oollaotad. 
Experiments  will  be  conducted  with  various  applied  and 
self-generated  aolar  array  voltages.  These  will  ba  performed, 
with  tha  front  of  the  sola*  array  in  plasma  ram  and  wake 
oonditiona  and  with  aero  plaaaa  drift  normal  to  the  aolar  cell 
faoe. 

Without  the  crucial  information  thia  flight  program  will 
provide,  designer*  of  future  apaoaoraft  will  ba  foroed  to  bo 
conservative  and  operate  aolar  arrays  at  presently  cooaptad 
voltages.  This  will  seriously  impact  system  affioianoy  and 
manageability. 
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Figure  3.  -  Solar  array  -  spacecraft  -  space  plasma  potentials. 


Figure  4.  -  VOLT-1 
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Figure  5.  -  SAFE  wing. 


Figure  8.  -  Panel  voltage  as  function  of  orbit 


Figure  9.  -  Orbital  configuration 


Figure  10.  -  Ram/wake  conditions. 
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PRELIMINARY  ASSESSMENT  OF  POWER-GENERATING  TETHERS  IN  SPACE 
ANO  OF  PROPULSION  FOR  THEIR  ORBIT  MAINTENANCE 
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The  concept  of  generating  power  In  space  by  maans  of  a  conducting  tether 
deployed  from  a  spacecraft  was  studied.  Using  hydrogen  and  oxygen  as  the 
rocket  propellant  to  overcome  the  drag  of  such  a  power-generating  tether  would 
yield  more  benefit  than  If  used  In  a  fuel  cell.  The  mass  consumption  would  be 
25  percent  less  than  the  reactant  consumption  of  fuel  cells.  Residual  hydrogen 
and  oxygen  In  the  external  tank  and  In  the  orblter  could  be  used  very  effec¬ 
tively  for  this  purpose.  Many  other  materials  (such  as  waste  from  life 
support)  could  be  used  as  the  propellant.  Electric  propulsion  using  tether¬ 
generated  power  can  compensate  for  the  drag  of  a  power-generating  tether,  half 
the  power  going  to  the  useful  load  and  the  rest  for  electric  propulsion.  In 
addition,  the  spacecraft's  orbital  energy  Is  a  large  energy  reservoir  that 
permits  load  leveling  and  a  ratio  of  peak  to  average  power  equal  to  2.  Criti¬ 
cal  technologies  to  be  explored  before  a  power-generating  tether  can  be  used 
In  space  are  delineated. 


INTRODUCTION 

Tethered  spacecraft  are  a  topic  of  considerable  and  growing  Interest 
(ref.  1).  Apeng  the  features  they  offer  Is  the  possibility  of  power  generation 
from  an  electrically  conducting  tether  trailed  through  the  Earth's  magnetic 
field.  Such  a  tether  would  be  acted  on  by  forces  from  the  gravity  gradient, 
from  aerodynamic  drag,  and  from  electrodynamic  Interaction  with  the  Earth's 
magnetic  field;  the  tether  would  thus  trail  In  a  generally  radial  direction, 
either  up  or  down,  rather  than  directly  behind  the  spacecraft  as  the  word 
"trail*  might  Indicate. 

This  paper  describes  a  broad,  general  study  of  such  power-generating 
tethers  that  explored  their  potential  value  and  their  problems.  The  following 
topics  were  studied:  (1)  the  conditions  of  power  generation,  the  drag  Imposed 
on  the  spacecraft,  and  the  resulting  orbit  decay;  (2)  the  use  of  chemical  pro¬ 
pulsion  to  compensate  for  this  drag;  and  (3)  the  use  of  some  of  the  generated 
power  In  electric  propulsion  to  compensate  for  this  drag.  Finally,  questions 
of  feasibility  were  considered.  These  topics  define  a  technology  program  to 
be  completed  before  any  application  of  such  power -generating  tethers  In  space. 


THE  POWER-GENERATING  PROCESS 

A  spacecraft  In  low  Earth  orbit  that  trails  an  electric  conductor  that 
Is,  say,  100  km  long  (fig.  1)  will  produce  an  electric  potential  In  that 
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conductor  as  a  rosult  of  Its  motion  through  the  Earth's  magnetic  field.  The 
voltage  results  from  the  familiar  *  x  ft.  For  an  orbital  velocity  of  7600  m/s, 
the  potential  generated  by  such  a  tether  might  be  IS  to  20  k\f.  For  an  electric 
current  to  flow,  electrons  must  be  discharged  at  one  end  of  the  tether. 

Figure  1  shows  an  electron  gun  for  this  purpose.  Electrons,  being  very  mobile, 
are  expected  to  provide  the  major  flow  of  current. 

For  collection  of  the  electrons  at  the  tether's  opposite  end,  an  electron 
collector  of  large  surface  area  Is  required.  Although  figure  1  shows  a  sphere 
for  the  collector,  almost  any  surface  would  be  suitable.  Reference  2,  for 
example,  suggests  a  plane  surface  aligned  with  the  spacecraft's  orbit  path  as 
a  way  to  decrease  the  aerodynamic  drag  from  this  large  area. 

Current  through  the  conducting  tether  will  Impose  a  drag  on  the  spacecraft 
from  the  familiar  I  x  ft  Interaction.  Aerodynamic  drag  on  the  tether  will  also 
extract  energy  from  the  spacecraft.  Rocket  propulsion  could  compensate  for 
these  dra^s  and  permit  the  spacecraft  to  maintain  a  stable  fllghtpath. 

The  useful  power  output  would,  of  course,  be  the  product  of  the  current 
flow  and  the  generated  voltage.  Inasmuch  as  generated  voltages  of  tens  of 
kilovolts  are  somewhat  of  a  problem  in  their  own  right,  the  lower  voltages 
produced  by  shorter  tethers  might  at  first  appear  attractive.  For  a  given 
power  output,  however,  the  voltage  reduction  must  be  compensated  for  by  an 
Increase  In  current  flow.  At  the  higher  current  a  larger  surface  Is  required 
for  collecting  thii  electrons. 

Plasma  Interactions  will  also  Impede  electron  flow.  In  a  perfect  vacuum, 
the  geomagnetic  field  would  force  the  electrons  to  move  along  paths  that  are 
roughly  helical,  that  surround  given  lines  of  the  magnetic  field,  and  that 
would  thereby  generally  prevent  the  emitted  electrons  from  reaching  the 
electron-collecting  surface.  In  an  actual  plasma,  collisions  cf  the  electrons 
with  Ions  and  neutral  particles  as  well  as  with  other  electrons  will  randomize 
the  electron  motions  and  permit  their  gradual  diffusion  toward  the  olectron- 
collectlng  surface.  Both  the  plasma  Impedance  from  these  collisions  and  the 
space  charge  near  the  electron-collecting  surface  will  restrict  the  flow  of 
electrons.  The  regions  of  space  having  the  highest  plasma  density  may  permit 
high  currents  of  electrons,  but  these  high  densities  may  also  iMpose  severe 
aerodynamic  drag.  Data  to  permit  optimization  of  altitude,  these  conflicting 
requirements  being  considered,  are  not  available.  Thus  the  conservative 
approach  at  this  time  requires  the  assumption  of  low  current  flow  and,  concom¬ 
itantly,  acceptance  of  the  difficulties  associated  with  the  high  voltages. 

This  will.  In  turn,  require  a  tether  of  length  sufficient  to  generate  the  volt¬ 
age  required.  For  that  reason,  the  generated  voltage  In  figure  2  was  taken  as 
17.5  kV.  The  tabulated  Inputs,  outputs,  and  losses  resulted  In  a  projected 
generator  efficiency  of  0.73  for  the  conducting  tether,  with  a  useful  power 
output  of  70  kW. 

The  total  drag  (aerodynamic  and  electromagnetic)  Imposed  by  the  tether 
power  generator  Is  about  13  N  In  this  example,  with  a  corresponding  energy 
decay  from  the  tether  of  96  kW.  In  the  absence  of  propulsion  to  overcome  this 
drag,  the  orbit  altitude  would  decrease  about  20  km  each  day  If  the  96  kW  were 
extracted  from  the  orbital  energy  of  a  100-ton  space  station.  Although  such 


energy  extraction  would  markedly  shorten  the  life  of  a  space  station  If  con¬ 
tinued  for  a  long  time,  this  power  could  be  extracted  for  perhaps  a  week  In  an 
emergency.  Spacecraft  propulsion  could,  of  course,  compensate  for  this  drag 
and  thereby  sustain  orbit  altitude.  Both  chemical  and  electric  propulsion  are 
likely  candidates. 


CHEMICAL  PROPULSION  FOR  ORBIT  MAINTENANCE 

For  70  kM  of  useful  power  to  be  generated  by  a  conducting  tether,  an 
average  thrust  of  about  13  N  Is  required  to  overcome  tether  drag  (fig.  2).  In 
principle,  this  thrust  could  be  steady  or  In  brief  bursts  of  higher  thrust. 

For  a  specific  Impulse  of  400  s  (already  exceeded  by  hydrogen-oxygen  rockets), 
propellant  consumption  would  average  3  g/s,  or  280  kg/day.  In  turn,  propellant 
consumption  would  be  0.17  kg/kWh  of  electric  energy.  To  some  In  the  space- 
power  field,  this  Is  a  startlngly  low  value  of  reactant  consumption,  for  It  Is 
only  43  percent  of  the  reactant  flow  required  by  hydrogen-oxygen  fuel  cells. 

In  fact,  It  Is  also  only  58  percent  of  the  reactant  consumption  of  an  Ideal 
fuel  cell,  operating  reversibly.  How  Is  this  possible?  The  critical  factor 
Is  the  large  amount  of  kinetic  energy  possessed  by  the  reactants  by  virtue  of 
their  being  In  low  Earth  orbit,  about  29  MJ/kg.  In  contrast,  the  Gibbs  free 
energy  for  combining  hydrogen  and  oxygen  Into  water  Is  only  13  MJ/kg,  the 
theoretical  limit  on  fuel-cell  output  per  unit  mass  of  hydrogen  and  oxygen 
consumed. 

What  are  tho  various  contributions  to  energy  generation  by  a  chemically 
propelled  spaco  station  generating  electric  power  via  a  conducting  tether?  A 
rocket  having  a  specific  Impulse  of  400  s  can  supply  3923  N-s  of  impulse  to  the 
space  station  for  each  kilogram  of  propellant  expelled,  corresponding  to  an  ex¬ 
haust  velocity  of  3923  m/s.  For  an  orbital  velocity  of  7612  m/s,  the  rocket's 
energy  addition  to  the  space  station  would  be  29.86  MJ/kg  of  propellant.  What 
are  the  constituents  of  this  energy  addition?  First,  the  klnitlc  energy  with 
which  the  propellant  would  be  discharged  from  the  space  station  Is  7.69  MJ/kg. 
The  propellant-discharge  velocity  of  3923  m/s  relative  to  the  space  station 
would  reduce  propellant  velocity  In  Earth-centered  coordinates  from  7612  to 
3689  m/s;  In  turn,  Its  kinetic  energy  would  be  reduced  by  22.17  MJ/kg.  The  sum 
of  these  two  terms  equals  the  29.86  MJ/kg  added  to  the  space  station  In  the 
paragraph  above.  The  energy  account  thus  balances. 

On  theoretical  ground,  the  combination  of  rocket  propulsion  and  a  conduct¬ 
ing  tether  can  generate  2.3  times  the  electric  energy  that  a  fuel  cell  can. 
Although  losses  with  the  tether  power  generator  will  decrease  this  advantage, 
the  gain  In  performance  may  still  be  substantial. 

An  Important  problem  for  a  space  station  Is  to  effectively  use  the  resid¬ 
ual  propellants  from  the  orblter  and  the  external  tank.  Readily  recoverable 
amounts  of  hydrogen  and  oxygen  might  average  1000  and  1400  kg,  respectively, 
for  each  flight  of  a  fully  loaded  shuttle.  On  any  given  flight  however,  the 
recoverable  residuals  might  vary  substantially  from  these  values,  even  for  a 
fully  loaded  shuttle.  For  many  flights,  the  shuttle's  payload  will  be  limited 
by  volume  rather  than  by  a  mass  constraint,  and  In  that  event,  the  amounts  of 
residual  propellants  would  be  substantially  greater.  For  example,  If  the  pay- 
load  mass  were  60  percent  of  the  rate  value,  the  propellant  residuals  might 
average  1800  and  5400  kg  of  hydrogen  and  oxygen,  respectively,  totaling  over 
7000  kg.  In  either  case,  the  proportion  of  hydrogen  and  oxygen  would  be  far 


fro*  tha  stoichiometric  proportion  of  1/8.  A  rocket-sustained  power-generating 
tether  can  make  more  effective  use  of  such  nonstolchlometrlc  residuals  than  can 
fuel  cells  for  three  reasons: 


(1)  Inasmuch  as  the  reactant  consumption  of  fuel  cells  Is  200  to  250  per¬ 
cent  of  that  of  the  power-gene rating  tether,  the  tether  can  produce  from  a 
given  stoichiometric  supply  of  reactants  2  to  2.5  times  as  much  beneficial 
product  (kilowatt-hours  of  electric  energy). 

(2)  Because  the  fuel  cell  requires  a  stoichiometric  proportion  of  hydrogen 
and  oxygen,  any  fxcess  of  either  would  he  wasted.  In  contrast  with  this,  a 
chemical  rocket  tan  readily  accept  Imbalances  In  the  proportions  of  hydrogen 
and  oxygen. 

(3)  Contaminating  gases  such  as  helium  In  the  propellant-grade  hydrogen 
and  oxygon  will  accumulate  In  fuel  cells  unless  they  are  frequently  purged  to 
vent  the  contaminants,  a  factor  Increasing  the  reactant  consumption  above 
theoretical  values. 

Scavenging  7000  kg  of  hydrogen  and  oxygen  from  Just  a  single  shuttle 
flight  Is  sufficient  to  provide  4.7  kM  of  power  from  a  rocket-sustained  power¬ 
generating  tether  for  an  entire  year.  The  potential  of  using  these  residual 
reactants  Is  thus  clear.  On  the  other  hand,  the  long-term  potential  of  the 
power-generating  tether  to  supply  power  to  a  space  station  Is  very  sensitive 
to  the  level  of  power  required,  to  the  frequency  of  the  shuttle  flights  to  the 
station,  and  to  the  mass  of  residual  hydrogen  and  oxygen  recoverable  from  the 
orblter  and  the  external  tank.  Consider,  for  example,  the  70-kW  power  source 
discussed  earlier.  Even  the  rocket-sustained  power-generating  tether  would 
require  100  tons  of  hydrogen  and  oxygen  a  year,  or  1000  tons  over  10  years. 
Either  a  solar  or  a  nuclear  power  supply  would  require  far  less  mass  In  order 
to  provide  the  same  baseload  power.  For  long-term  applications  the  rocket- 
sustained  power-generating  tether  Is  utterly  dependent  on  a  supply  of  "free" 
propellant.  This  type  of  power-generating  tether  Is  thus  an  effective  compet¬ 
itor  only  of  other  reactant-consuming,  chemical  power  systems  such  as  fuel 
cells,  these  power  systems  being  generally  limited  to  missions  of  modest 
duration. 


ELECTRIC  PROPULSION  FOR  ORBIT  MAINTENANCE 

Tha  high  propellant  consumption  of  the  rocket-sustained  power -gene rating 
tether  raises  the  question,  Might  this  propellant  consumption  be  reduced  by 
switching  to  electric  propulsion,  which  can  attain  very  high  specific  impulse 
Because  It  can  use  a  variety  of  propellants,  electric  propulsion  also  offers  t 
second  Interesting  possibility:  perhaps  the  residual  hydrogen  and  oxygen  could 
be  used  for  other  purposes,  such  as  generating  power  In  fuel  cells,  and  then 
the  product  water  used  as  propellant  for  electric  propulsion.  In  fact,  the 
propellant  might  be  almost  any  supply  of  material  otherwise  wasted.  The  power 
source  for  the  electric  propulsion  could  be  either  the  conducting  tether  Itself 
or  an  Indapendant  power  supply;  both  will  be  considered.  The  electric  propul¬ 
sion  device  might  be  either  an  alectrothermal  Jet,  an  arcjet,  an  electrc- 
plasma-dynamlc  thruster,  or  an  Ion  thruster  (this  list  being  In  order  of 
Increasing  specific  Impulse).  Thus  an  entire  spectrum  of  specific  Impulse  Is 
available  for  consideration. 
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Not  oil  of  tho  concepts  to  be  explored  will  be  found  valuable,  but  at  this 
stage  In  the  study  of  tethers,  seme  coarse  screening  of  concepts  such  as  this 
Is  worthwhile. 


Using  Tether-Generated  Power 

Although  electric  propulsion  with  Its  high  specific  Impulse  offers  the 
possibility  of  lower  propellant  consumption  than  chemical  propulsion,  generat¬ 
ing  power  for  the  electric  propulsion  Itself  will  Impose  an  added  drag  on  the 
tether.  Concomitantly,  this  added  drag  will  Increase  propellant  consumption. 
Let  us  briefly  Investigate  how  these  two  factors  balance,  one  Increasing  and 
the  other  decreasing  propellant  consumption. 

For  the  fiducial  case  of  power  generation  compensated  by  chemical  rocket 
propulsion, 


(1) 

00 


where 

Pq  useful  power  generated 

ne  overall  efficiency  of  power  generation  (0.73) 

Dq  drag  of  tether 

V  spacecraft  velocity  (7612  m/s) 

-mo  propellant  flow  rate 

Fq  propulsive  thrust  of  chemical  rocket 

gg  standard  gravitational  acceleration  (9.80665  m/s2) 

Iq  specific  Impulse  of  chemical  rocket  (400  s) 

For  steady  operation,  the  thrust  Fq  must  balance  the  drag  Dq,  the  required 
propellant  flow  then  being  4.6xlO-0  kg/J  of  electric  energy. 


When  electric  propulsion  Is  used,  the  power  generated 
Increased  by  Pf,  the  power  required  to  produce  the  thrust, 


P  must  be 
that  Is, 


and 
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F  thrust 

I  specific  Impulse 

nf  thruster  efficiency 
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As  before,  the  drag  D  on  the  tether  for  this  Increased  power  Is 


D 


(5) 


Propellant  flow  rate  -m  Is 


-m 


Iflf 
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For  thrust  F  balancing  drag  0,  combining  equations  (l)  to  (6)  yields 
/  r 
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Representative  values  of  propellant  flow  ratio  ift/riu  from  eauetion  n\ 
are  given  In  table  I  for  a  thruster  efficiency  „!  of >8  ZTflr  JarlSus 
values  of  specific  Impulse.  In  each  case,  the  prSpellant  flow  rate  rti  or 
Is  that  required  to  produce  the  same  amount  of  useful  power  Pn.  As  sDeclftcu 
T"  approaches  907  s,  the  propellant  flow  ratio  goes  to  Infinity;  that  Is 
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°Pt1mum  spAlflc  Impulse.  For  the  nominal  conditions  assumed 
herein,  this  opt  mum  specific  Impulse  Is  453  s,  the  value  that  for  a  given  uH- 
ful  power  Pq  minimizes  propellant  flow  or,  for  a  given  propellant  flow 
maximizes  the  useful  power  Pg.  For  this  value  of  specific  Impulse  half  the 
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Substituting  equation  (8)  Into  this  gives 


(9) 


for  the  optimum  specific  Impulse.  The  energy  generated  Is  then  12.3  MJ/kg  of 
propellant,  corresponding  to  a  propellant  flow  of  0.29  kfl/kWh.  This  value  of 
propellant  flow  Is  25  percent  less  than  that  required  by  hydrogen-oxygen  fuel 
cells.  In  addition,  hydrogen  and  oxygen  are  not  required,  only  any  material 
that  can  be  electrically  accelerated  to  4400  m/s,  corresponding  to  a  specific 
Impulse  of  453  s. 

The  amount  of  useful  power  that  can  be  generated  In  this  way  depends,  of 
course,  on  the  amount  of  material  available  as  propellant.  Some  estimates  of 
consumables  to  be  supplied  to  the  space  station  early  In  Its  evolution  run  as 
high  as  1  kg/h  for  each  astronaut.  Using  that  quantity  of  propellant  could 
then  produce  3.4  kU  of  useful  power  per  astronaut,  or  27  kW  for  a  crew  of  8. 

On  the  other  hand,  an  alternative  use  of  that  same  mass  of  consumables  could 
provide  even  more  power.  Consider,  for  example,  a  space  station  having  aboard 
a  powerplant  of  either  the  solar  or  the  nuclear  type.  Not  only  would  such 
powerplants  Impose  less  drag  than  the  power-generating  tether,  but  also  sub¬ 
stantially  higher  specific  Impulse  would  be  practical.  Thus  that  same  mass  of 
expended  consumables  could  compensate  for  the  drag  of  a  powerplant  of  much 
higher  power  than  would  be  practical  with  a  power-generating  tether. 

The  electrically  propelled  power-generating  tether  offers  an  Interesting 
opportunity  for  load  leveling.  If,  for  example,  the  tether  power  generator 
were  capable  of  delivering  100  kW  of  total  power,  the  analysis  herein  suggests 
that  this  would  normally  be  divided  Into  two  halves:  one  for  the  useful  load 
and  the  other  for  propulsion.  But  that  need  not  always  be  so.  At  times  of 
high  power  demand,  the  entire  output  of  100  kM  could  be  used  by  the  useful 
load.  During  this  time  the  orbit  altitude  of  the  spacecraft  would  decrease, 
but  only  slowly  If  the  spacecraft  were  fairly  massive.  At  times  of  below- 
average  power  demand,  the  extra  power  could  augment  spacecraft  propulsion  for 
reboosting  the  orbit  to  Its  nominal  altitude.  The  average  power  demand  must, 
of  course,  be  low  enough  for  sustaining  the  orbit  altitude  or  the  spacecraft 
would  gradually  descend  Into  the  Earth's  atmosphere.  The  spacecraft's  orbital 
energy  would  constitute  the  reservoir  for  storage  and  extraction  of  energy, 
and  It  Is  quite  a  large  reservoir.  For  example,  If  the  orbit  altitude  of  a 
100-ton  spacecraft  were  to  decrease  only  10  km,  850  kWh  of  electric  energy 
would  be  made  available  -  the  power-generating  efficiency  being  taken  as  0.73, 
as  before.  Without  propulsion  to  compensate  for  the  tether's  drag,  this 
reservoir  of  850  kWh  would  sustain  the  100  kW  of  generated  power  for  8.5  h. 

The  characteristics  of  the  concept  of  electrically  propelling  a  power- 
generating  tether  can  be  summarized  as  follows: 

(1)  Useful  power  can  be  generated  In  excess  of  that  required  for  electric 
propulsion,  maximum  power  for  a  given  propellant  flow  being  generated  In  low 
Earth  orbit  If  the  specific  Impulse  Is  about  450  s. 

(2)  Almost  any  supply  of  propellant  can  be  used,  provided  only  that  It  can 
be  electrically  accelerated  to  about  400  m/s. 

(3)  The  required  flow  of  propellant  Is  25  percent  less  than  the  hydrogen 
and  oxygen  consumed  by  fuel  cells  producing  the  same  useful  power. 

(4)  The  spacecraft's  orbital  energy  Is  a  large  reservoir  of  energy  that 
would  permit  temporary  diversion  of  power  from  propulsion  to  other  purposes. 


Propulsion  Via  the  Tether 


Reversing  the  current  flow  through  the  tether  would  convort  It  from  a 
generator  Into  a  motor,  that  Is,  Into  a  propulsive  device.  Of  course,  power 
from  an  Independent  source  of,  say,  the  solar  or  nuclear  type  would  then  be 
required.  The  voltage  and  force  on  the  tether  would  be  essentially  unchanged 
from  their  values  for  power  generation,  the  force  merely  changing  sign.  In 
this  case,  no  propellant  flow  would  be  required,  a  very  favorable  condition 
for  long-term  missions  In  low  Earth  orbit  such  as  that  of  a  space*  station. 
Controlling  the  current  flow  would  control  tht  thrust  magnitude,  on  the  other 
hand,  the  thrust  direction  would  be  aligned  with  j.  x  &  and  would  thus  be  beyond 
control . 

The  overall  efficiency  of  such  propulsion  by  tether  would  likely  be  about 
the  same  as  that  for  power  generation  by  tether,  herein  estimated  as  0.73. 
Although  this  efficiency  Is  lower  than  already  demonstrated  values  for  electric 
propulsion,  the  absence  of  any  propellant  consumption  at  all  would  be  a  dis¬ 
tinct  advantage.  The  reduced  propulsive  efficiency  would,  of  course,  Increase 
the  demand  for  power,  and  thereby  the  mass  and  cost  of  the  powerplant  would 
also  Increase.  This  Increased  demand  for  power  would  thus  partially  offset  the 
advantage  of  eliminating  propellant  consumption. 


GENERAL  DISCUSSION  Of  TETHERS  FOR  POWER  GENERATION  OR  PROPULSION 

Because  essentially  no  technology  exists  for  power  generation  or  propul¬ 
sion  by  means  of  tethers,  there  Is  a  variety  of  questions  concerning  the  over¬ 
all  feasibility  of  the  concepts.  On  the  other  hand,  the  potential  benefits  of 
the  concepts  warrant  Investigation  In  a  technology  program  aimed  at  delineating 
their  true  merits.  Critical  questions  center  on  the  Interactions  of  such  a 
conducting  tether  with  the  plasma  surrounding  the  Earth.  The  Impedance  of  this 
plasma  will  greatly  Influence  tether  design.  A  highly  conductive  plasma  would 
permit  large  currents,  a  factor  producing  shorter  tethers  and  lower  generated 
voltages.  Although  the  shorter  tether  would  tend  to  reduce  aerodynamic  drag, 
high  plasma  conductivity  can  be  achieved  only  In  regions  of  high  particle  den¬ 
sity,  a  factor  tending  to  Increase  aerodynamic  drag.  The  best  operational 
altitude  for  these  conducting  tethers  Is  thus  an  open  question  that  will  sub¬ 
stantially  Influence  both  their  design  and  their  potential  value. 

Plasma  Impedance  will  also  affect  the  size  of  the  required  electron 
collector  and  thus  Its  weight  and  aerodynamic  drag  as  well.  Plasma  Interact¬ 
ions  (chiefly  Alfven  waves)  may  add  energy  to  the  plasma  In  regions  well  beyond 
the  Influence  of  conventional  aerodynamics  and  may  thereby  Increase  aerodynamic 
drag. 

In  response  to  the  uncertainties  concerning  Interactions  of  high  currents 
with  the  Earth's  plasma,  a  prudent  program  would  decrease  risk  by  using  low 
currents  and  by  accepting  the  long  tethers  and  the  high  voltages  that  result. 
Electric  potentials  of  tens  of  kilovolts  will  require  not  just  Insulating  the 
tether  but  also  high  Integrity  of  this  Insulation.  A  pinhole  In  the  Insulation 
would  lead  to  leakage  of  electrons.  Bombardment  of  the  surrounding  Insulation 
by  these  electrons  with  kinetic  energies  of,  say,  10  keV  would  chemically 
decompose  that  Insulation  Inasmuch  as  chemical  binding  energies  are  only  of 
the  order  of  1  eV  per  atom  and  thus  far  below  the  10  000-eV  energy  of  the 
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electrons.  For  that  reason,  a  minute  defect  In  the  1i  tlon  'en  a  small 
amount  of  damage  from  particles  In  space  can  lead  to  pro*,  sslve  mage  and 
failure  of  the  Insulation.  Extensive  testing  of  the  Insulation  In  high-vacuum 
chambers  here  on  Earth  would  aid  In  delineating  the  magnitude  of  the  problem 
and  perhaps  point  the  way  to  Its  solution. 

Power  conditioning  for  tens  of  kilovolts  Is  state  of  the  art  here  on  Earth 
but  has  yet  to  be  evolved  for  space.  In  particular,  the  usual  power  condition¬ 
ing  for  space  accepts  low  Input  voltage  and  Increases  as  well  as  regulates  the 
voltage  for  supply  to  the  useful  loads.  In  using  power  from  a  conducting 
tether,  the  power  conditioning  would  be  required  to  reduce  voltage  for  delivery 
to  the  loads,  a  transformation  requiring  a  new  technology.  An  additional 
factor  affecting  power  conditioning  Is  variation  In  the  generated  voltage  as 
the  result  of  variation  In  y  x  ft  along  the  fllghtpath  as  well  as  variation  In 
the  properties  'f  the  space  plasma. 

Using  tethers  for  power  generation  or  propulsion  would  also  encounter 
some  of  the  same  problems  as  does  every  application  of  tethers  In  space, 
namely,  the  dynamics  and  structural  problems  associated  with  tether  deployment, 
orbit  maneuvers,  and  rendezvous  with  other  spacecraft. 


SUMMARY  OF  RESULTS 

Power  generation  In  low  Earth  orbit  by  means  of  a  conducting  tether 
trailed  off  a  spacecraft  was  studied.  Analysis  of  this  concept  as  well  as  pro¬ 
pulsion  (both  chemical  and  electric)  to  sustain  the  power-generating  tether 
produced  the  following  results: 

1.  Assessment  of  losses  In  power  generation  showed  that  efficiency  of 
power  generation  might  be  about  0.73. 

2.  In  the  absence  of  propulsion  to  sustain  the  spacecraft,  the  orbit 
would  slowly  decay,  the  decrease  In  altitude  being  20  km  a  day  If  the  generated 
power  were  1  kW/ton  of  total  spacecraft  mass.  Power  might  be  extracted  for 
perhaps  a  week  In  an  emergency,  but  this  would  not  be  a  suitable  strategy  for 
any  extended  mission. 

3.  If  a  hydrogen-oxygen  rocket  were  to  provide  the  propulsion  to  sustain 
the  low  Earth  orbit  of  a  spacecraft  generating  power  by  means  of  a  conducting 
tether,  the  propellant  consumption  would  be  less  than  half  the  consumption  of 
hydrogen  and  oxygen  by  fuel  cells  producing  the  same  power.  For  missions 
beyond  perhaps  a  month,  neither  concept  Is  weight-competitive  with  solar  or 
nuclear  powerplants. 

4.  If  residual  hydrogen  and  oxygen  from  the  shuttle's  external  tank  and 
orblter  were  available  to  the  spacecraft,  the  rocket-sustained  power-generating 
tether  could  make  better  use  of  these  residues  than  could  a  fuel  cell  because 
(a)  the  proportions  will  likely  not  be  stoichiometric  and  (b)  the  residues  may 
contain  Impurities  such  as  helium.  Both  of  these  conditions  a  rocket 
tolerates  better  than  do  fuel  cells. 
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5.  A  single  lightly  loaded  shuttle  might  have  propellant  residues  total¬ 
ing  7  tons.  That  quantity  of  hydrogen  and  oxygen  would  permit  generation  of 
4.7  kW  of  power  by  a  rocket-sustained  power-generating  tether  for  an  entire 
year. 


6.  On  the  other  hand,  the  rocket  propellant  to  sustain  a  70-kW  power¬ 
generating  tether  for  10  years  would  total  1000  tons,  perhaps  100  times  the 
mass  of  a  solar  or  nuclear  powerplant. 

7.  A  conducting  tether  could  provide  useful  power  plus  power  for  electric 
propulsion  to  compensate  for  Its  own  drag.  The  propellant  .could  be  any  avail¬ 
able  supply  of  material  (such  as  waste  from  life  support)  capable  of  electrical 
acceleration  to  about  4400  m/s  (specific  Impulse  of  4S0  $).  The  generated 
power  would  be  divided  equally  between  the  useful  load  and  electric  propulsion. 
Not  only  would  fuel  cells  require  the  specific  reactants  hydrogen  and  oxygen  in 
the  stoichiometric  proportion  but  the  mass  consumption  of  those  reactants  would 
be  about  1/3  higher  than  the  propellant  consumption  of  the  self-sustaining 
tether,  A  self-sustaining  power-generating  tether  would  by  Its  nature  permit 
load  leveling  for  peak-to-average  powers  of  2  to  1,  the  spacecraft's  orbital 
energy  being  the  energy  reservoir. 

8.  If  early  In  the  evolution  of  the  space  station  discharges  of  waste 
from  life  support  run  as  high  as  1  kg  per  astronaut-hour,  use  of  this  mass  of 
waste  as  propellant  In  electric  propulsion  of  a  self-sustained  tether  could 
continuously  provide  3.4  kW  per  astronaut,  or  27  kW  for  a  crew  of  8, 

9.  Several  questions  concerning  the  feasibility  of  the  power-generating 
tether  must  be  answered  by  a  technology  program  before  such  tethers  are  used 
In  space.  The  questions  concern  the  following:  plasma  Impedance  In  low  Earth 
orbit,  use  of  low  currents  and  high  generated  voltages  to  circumvent  high 
plasma  Impedance,  aerodynamic  drag  on  the  tether,  losses  In  the  plasma,  the 
performance  of  electrical  Insulation  In  space  at  potentials  to  tens  of  kilo¬ 
volts,  and  power  conditioning  for  these  high  generated  potentials.  These 
Issues  are  In  addition  to  the  usual  questions  concerning  feasibility  of  tethers 
In  space,  namely,  the  dynamic  and  structural  problems  associated  with  tether 
deployment,  orbit  maneuvers,  and  rendezvous  with  other  spacecraft. 
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An  Introductory  study  of  the  properties  of  an  electrically  conducting 
tether  flown  from  the  shuttle  Is  presented.  Only  a  single  configuration  Is 
considered:  a  vertical  conductor  moving  normally  across  the  Earth's  field, 
connecting  the  shuttle  to  a  large  conducting  balloon  that  passively  extracts 
electrons  fro.*  the  Ionosphere.  The  rather  surprising  nature  of  the  distortions 
In  the  plasma  at  maximum  current  collection  are  described,  as  are  the  local 
and  distant  wakes.  Numerical  values  are  crude  approximations,  the  emphasis 
being  on  the  nature  of  the  process,  not  on  engineering  values,  but  It  Is  hoped 
that  this  discussion  will  prove  useful. 


ELECTRODYNAMIC  PROPERTIES  OF  A  CONDUCTING  TETHER 

There  Is  a  developing  Interest  In  the  possible  uses  of  tethers  In  space 
for  such  purposes  as  transferring  energy  and  momentum  between  bodies,  effecting 
rendezvous  and  probing  neighboring  parts  of  space.  Including  regions  such  as 
the  upper  atmosphere  otherwise  Inaccessible  to  a  spacecraft.  Tether  lengths 
of  up  to  100  km  huve  been  considered  as  possible,  and  major  experiments  are 
being  designed. 

It  has  been  conjectured,  perhaps  first  by  Alfven,  that  If  such  a  tether 
were  made  conducting,  then  since  In  the  neighborhood  of  the  Earth  It  moves 
across  a  magnetic  field  and  hence  experiences  an  emf  between  the  ends,  It  could 
draw  a  current  from  the  surrounding  plasma  which  could  provide  power  for  use 
on  a  spacecraft  (ref.  1).  In  this  paper  soma  aspects  of  this  conjecture  are 
considered  In  Its  earliest  and  perhaps  simplest  mode:  a  conducting  tether 
extending  up  from  the  shuttle  In  low  Earth  orbit  to  some  suitable  collector. 


Possible  Uses  of  a  Conducting  Tether  (refs.  2,  3) 

Power.  -  In  low  Earth  orbit,  h  -  200  km,  V  -  8  km/sec,  and  the  electric 
field  along  the  tether  E  •  V  x  B  «  0.24  V/m.  The  exact  level  of  the  voltage 
drop  along  the  wire  Is  a*  «  -AL  •  [X*4e>  ’41.  Vt  being  the  rotational  speed 
speed  of  the  Earth;  hence  It  depends  on  position  and  orientation  of  the  tether, 
field,  and  velocity:  the  given  figures  are  representative.  If  the  tether  con¬ 
tained  an  18-gaugt  copper  wire  (0.1-cm  diameter,  7.3-kg/km  weight,  and  20-a/km 
resistance),  the  maximum  current  that  could  be  drawn  would  be  ~12  A.  Fifteen- 
gauge  wire  has  half  the  resistance  and  double  the  weight,  but  would  permit  a 
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maximum  currant  of  24  A  to  be  drawn.  At  this  current  level  the  power  dissi¬ 
pated  would  be  2.4  kW/km,  or  240  kW  for  a  100-km  tether.  With  18-gauge  wire 
about  one-quarter  of  this  could  be  used  In  the  spacecraft;  with  15-gauge  wire, 
about  one-half. 

ihe  energy,  of  course,  Is  not  free:  It  Is  obtained  by  Increasing  the  drag 
on  the  spacecraft  and.  If  steady  operation  Is  required,  this  drag  must  be  com¬ 
pensated  for  by  using  rocket  fuel.  However,  as  has  been  pointed  out,  there  Is 
an  energetic  advantage  In  using  fuel  this  way  rather  than  directly  for  onboard 
power.  The  energy  obtained  by  using  the  fuel  for  thrust  Includes  Its  poten¬ 
tial,  which  Is  comparable  to  the  chemical  energy,  the  only  fraction  used  If  It 
Is  burnt  for  onboard  power. 

Thrust  and  drag.  -  If  the  tether  carries  a  current  I,  It  experiences  a 
force  I  x  B/unlt  length;  hence  the  system  (spacecraft  ♦  tether  ♦  collector) 
experiences  a  total  force  I  x  BL^,  where  U  Is  the  vertical  length  of  the 
tether.  For  shuttle  heights  and  a  current  of  10  A,  this  Is  about  0.2  N/km  « 

20  N  for  a  100-km  tether.  It  Is  essentially  a  drag,  doing  work  at  the  rate 
I  x  B  •  VL*  ■  -It,  although  It  may  be  Important  that  there  Is  an  out-of-plane 
component  to  the  force.  Moreover,  this  component  of  the  drag  Is  readily 
controlled  simply  by  modulating  the  current  that  Is  drawn. 

The  tether  may  also  be  used  actively.  If  the  collector  can  also  operate 
as  an  election  emitter,  a  current  can  be  driven  through  the  tether,  In  which 
case  a  force  of  1q  x  fil*  acts  on  the  shuttle.  The  potential  drop  needed  to  drive 
this  current  Is  A*  ■  IqR  ♦  )(  x  ft  •  Lt  +  At,  where  a+  1$  the  potential  drop 
needed  to  collect  the  current  from  the  plasma.  The  efficiency  Is  then 

I0  x  BL^  .  V 

"  "  IqR  ♦  V  x  B  .  Lt  ♦  A* 

Introduce  the  saturation  current 


V  x  S  .  L 


and  a  fictitious  "collection  current"  (A+/R  -  Ic)  .  which 
show  Is  usually  small,  then  V  / 


we  shall  later 
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Thus  although  the  thrust  Is  small  (like  most  electromagnetlcally  driven  thrust¬ 
ers),  the  efficiency  can  be  quite  high.  Adequate  current  collection  may  cause 
problems.  Moreover,  the  thrust  need  not  be  In  the  orbital  plane,  and  depends 
on  the  orientation  of  the  tether.  This  In  turn  may  be  modified  by  modulating 
the  current,  and  many  electromechanical  games  may  be  played. 


Ctpinlcitloni. 
gnetoactlve  plasi 


-  The  tether  constitutes  a  very  long  antenna  Immersed  In 
a  magnetoactive  plasma;  it  carries  a  current  that  can  be  passively  modulated 
just  by  activating  a  switch  and  may  be  useful  for  communications  at  very  low 
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A re  there  significant  mod*!  experiments  that  could  b*  carried  out  on  • 
laboratory  seal*  and  would  give  significant  Information  here?  And  If  so,  how 
should  such  Information  b*  Interpreted? 


The  Present  Investigation 

To  obtain  significant  results,  the  present  Investigation  concentrated  on 
two  questions  for  a  particular  configuration.  The  two  questions  were:  how  Is 
the  current  collection  affected?  and  what  are  the  most  Important  features  of 
the  wake? 

The  configuration  considered  Is  a  100-km  tether  drawing  a  saturation  cur¬ 
rent  of  S  A  from  a  sphere  of  radius  25  m,  a  balloon,  with  a  surface  conductiv¬ 
ity  of  a  1-mll  layer  of  copper.  The  magnetosphere  Is  considered  as  containing 
a  density  of  2x105  electrons/car,  neutralized  by  an  equal  number  of  singly 
charged  positive  O'*  Ions,  both  at  a  temperature  of  0.2  eV  («2?00*>  (ref.  11). 

Current  collection.  -  If  the  electrons  were  collected  through  an  Inverse 
Langmuir  Childs  sheath  from  a  virtual  cathode  that  moved  out  from  the  collector 
to  a  distance  of  ~100  m,  the  required  potential  drop 
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would  be  of  order  of  10s  V,  and  essentially  such  a  current  could  not  be  col¬ 
lected.  However,  this  assumes  that  the  positive  Ions  play  no  role  and  that 
the  field  of  the  collector  Is  screened  by  the  electrons  that  It  Is  collecting. 
Me  have  considered  the  role  of  the  Ions  and  have  come  to  a  much  more  optimistic 
conclusion. 

Consider  the  effect  near  the  leading  edge  of  the  collector.  The  parallel 
electric  field  that  It  produces  Is  effectively  wiped  out  by  the  motion  of 
electrons  along  the  magnetic  lines  of  force  ahead  of  the  collector.  However, 
as  soon  as  the  collector  crosses  a  line  of  force,  the  electrons  on  that  line 
are  drained  off,  and  the  electric  field  begins  to  appear.  As  a  consequence, 
the  potential  on  that  field  line  begins  to  rise.  Now,  although  electrons  are 
confined  to  magnetic  field  lines,  their  gyroradlus  being  ~G.15  cm,  this  Is  not 
true  for  the  much  heavier  Ions  that  have  energies  of  1/2  MV2  In  the  collector 
frame.  Tt  Is  Is  about  6  eV,  and  until  the  potential  reaches  this  value,  the 
Ions  are  fire*  to  move  across  the  field;  however,  when  this  value  Is  exceeded, 
the  Ions  are  reflected.  Since  the  Ions  have  a  thermal  spread,  not  all  are 
reflected  at  this  potential;  a  somewhat  higher  potential  of  ~12  *V  Is  needed 
to  reflect  most  of  the  Ions. 


The  electrons  are  accelerated  by  the  parallel  electric  field  and  gain  a 
velocity  given  byy?*+/m.  Since  theel|£tron  flux  remains  ~nV,  the  electron 
density  Is  reduced’ by  a  factor  of  ykT/ee  «  1/8.  Since  both  the  electron  and 
Ion  densities  are  reduced,  the  electrons  by  parallel  acceleration  and  the  Ions 
by  partial  reflection,  there  exists  a  potential  +g  *  12  which  the 
electron  and  Ion  densities  are  equal.  If  the  collector  sits  at  this  potential 
with  respect  to  the  undisturbed  plasma.  It  can  collect  the  saturation  current, 
even  though  the  accelerating  fields  sit  not  near  the  collector,  but  on  a  nar¬ 
row  sheath  that  extends  out  at  an  angle  V/V  along  the  magnetic  field  and 


reaches  a  distance  L$  «  v/V  •  0  -  150  m  f row  the  collector.  The  voltage 
drop  needed  to  collect  this  current  Is  then  only  of  the  order  of  12  V,  which  Is 
equivalent  electrically  to  Increasing  the  tether  length  by  -50  m.  Hence  It  Is 
negligible  for  kilometer-length  tethers. 

Because  this  extended  sheath  reflects  the  Ions  while  It  extracts  the 
electrons,  everywhere  behind  the  extended  sheath  the  plasma  density  Is  very 
low.  As  soon  as  the  collector  has  passed,  electrons  are  no  longer  extracted 
and  the  potential  rapidly  drops.  As  It  does  so,  electrons  rush  out  with  ap¬ 
proximately  the  thermal  speed,  leaving  only  a  small  negative  charge,  so  that 
the  plasma  although  at  low  density  Is  again  neutral  at  a  distance  of  the  order 
of  D,  the  collector  width,  behind  the  collector.  Behind  this,  the  low-pressure 
region  fills  In  at  a  rate  given  by  the  Ion  thermal  speed,  -1.5  km/sec.  Hence 
the  plasma  does  not  recover  Its  original  density  for  2L$  (V/vj)  «  1  km  behind 
the  collector. 

The  reflected  Ions  have  velocity  In  the  plasma  frame  of  2  V  and  hence  move 
In  gyro  orbits  with  a  radius  r^  «  2V/at  *  9C  m,  about  a  center  90  m  below  the 
collector.  They  produce  a  net  positive  charge  of  the  order  of  D/4ri  •  2.5 
percent  of  the  total  Ion  charge  density.  This  Is  neutralized  by  an  influx  of 
electrons  along  the  field  lines  In  a  distance  again  of  the  order  of  D.  The 
total  charge  does  not  disappear  but  spreads  out  along  the  field  line,  with  the 
electron  thermal  speed  essentially  halving  In  the  distance  0.  After  100  m  the 
charge  density  Is  reduced  to  -0.1  electrons/cm2,  and  Its  dynamic  effect 
essentially  disappears.  The  excess  charge  drifts  down  and  across  the  magnetic 
field  lines  and  eventually  Is  balanced  In  the  Ionosphere. 

The  wake.  -  The  local  effects  of  the  collector  are  as  follows:  a  volume 
of  height  o  («25  m  extending  out  along  the  field  lines  a  distance  (?/V)  0 
(•250  m)  on  either  side  of  the  collector  and  tapering  back  to  vanish  at  a 
distance 
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behind  the  collector  Is  evacuated  of  plasma;  while  a  volume  of  height  m4ri 
•  180  m,  of  width  150  m,  and  of  length  -D  acquires  a  charge  of  0/4r^  *  3.5 
percent  nee/un1t  volume. 

The  positive  current  flows  out  of  the  collector.,  with  a  current  density 
of  -2.5  mA/m s  carried  by  the  electrons;  flows  forward  and  down  across  the 
field  lines,  with  a  density  of  3  mA/m2,  carried  by  the  Ions;  then  flows  along 
the  field  lines  with  a  density  of  -0.3  mA/m2.  carried  by  the  electrons.  The 
associated  magnetic  perturbations  are  -5x10“'*  g  for  the  first  current  (a 
magnetic  twist),  3x10**  g  for  the  second  (an  Increase  In  field  strength),  and 
1.2x10"®  g  for  the  third  (a  further  magnetic  twist). 

The  major  modification  In  the  background  Is  produced  by  the  magnetic  field 
In  the  tether.  For  -2  cm  about  the  tether  this  field  exceeds  the  Earth's  field 
and  the  field  lines  close  about  the  tether,  while  beyond  this  the  disturbance 
falls  off  as  l/r.  it  Is  Important  to  note,  however,  that  the  tether  bends  and 
compresses  the  field  lines  but  does  not  Introduce  a  twist.  This  Is  Important 
when  we  consider  the  nature  of  the  wakes  and  Is  a  result  of  our  assumption  of 
a  horizontal  field. 
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thy  HtD  wake.  -  The  low-frequency  disturbances  products  by  the  passing  of 
the  tether  can’ m  described  In  the  simplest  approximation  by  considering  tha 
plasm  as  an  Ideally  conducting  fluid,  for  our  cast  tha  velocity  of  sound  is 
much  lass  than  tha  Alfvan  spaad,  C$  ■  2  km/sac,  C*  «  130  km/ sac,  and  thora  ara 
three  possible  waves  (raf.  10):  an  Alfvtn  wave,  which  propagates  along  tha 
magnetic  fluid  with  tha  Alfvan  speed;  a  channalad  sound  wave,  which  again  prop¬ 
agatas  along  tha  magnetic  fluid*  but  now  with  tha  spaad  of  sound;  and  an 
isotropic  mgnctoacoustle  wava,  which  propagatas  Isotropically  with  tha  Alfvan 
spaad. 

Since  tha  Alfvan  spaad  Is  mch  graatar  than  tha  spaad  of  tha  tathar 
(8  kja/sac),  tha  mgneteaeoustlc  waka  doas  not  appetr  as  a  dynamic  wava. 

Instead  It  Is  static  In  tha  teita£jl£ML*nd  Is  modlflad  slightly  by  tha 
■Lerentz'  contraction  z  ■*  z  h/1  -  ¥Z/Cj)»  which  for  our  caso  Is  -0.1 
percent.  V  / 

Tha  magnetic  twists  (~2xl(H  g)  propagata  along  tha  mgnatlc  fluid  liras 
with  tha  Alfvan  spaad  but  art  slowly  attanuatad  as  a  rasult  of  collisions,  with 
a  scuta  length  substantially  graatar  than  tha  electron  man  fraa  path:  In 
fact  of  tha  ordar  af 
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whora  dn  Is  tha  colllslonless  sc running  lungth,  c/wp"  -  4  m  for  our  cast  and 
hanca  l  «  (Cy/V)  *  Xf  ■  POO  k*.  If  tha  mgnatlc  fluid  has  a  vortical  como¬ 
nant  or  If  tha  tathar  Is  not  parpandlcular  to  tha  fluid,  than  a  vary  much  larg¬ 
er  signal  can  ba  propagated  as  an  Alfvan  wava,  and  It  Is  hara  that  comwnlca- 
tlons  possibilities  my  exist  (frequencies  must  ba  substantially  lass  than  tha 
Ion  gyrofroquoncy,  when  Doppler  shifted,  Q+  «  180,  «  -  28  cyclas/sac). 

Tha  mgnatoacoustlc  mode  produces  a  modification  in  tha  mgnatlc  field 
strength  that  Is  almost  Indistinguishable  from  the  vacuum  fluid.  Tha  azimuthal 
fluid  has  tha  vacuum  form,  but  thara  Is  superimposed  on  this  a  small  radial 
fluid 


r  r 


and  an  assoclatad  currant  density 

i .  1 4“V* 


This  can  ba  quit*  larga  naar  tha  tather  but  Is  only  corractly  described  for 
valuos  of  r  »  2  cm,  where  nonlinear  modifications  bicom  unimportant 
(hanca  )  «  I). 

The  mgnatosonlc  wava  that  carries  the  pressure  puls#  represents  a  super¬ 
position  of  the  channeled  sound  wave,  and  tha  isotropic  mgnatoacoustlc  wava. 
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The  pressure  pul «•  propagates  along  the  field  line  and,  as  It  propagates,  pro¬ 
duces  a  pressure  disturbance  In  Its  neighborhood  that  falls  off  as  1/p,  where 
p  Is  the  perpendicular  distance  to  the  field  line.  The  disturbance  rapidly 
becomes  small,  and  In  addition,  In  a  more  rigorous  treatment,  1$  damped. 

Hloh-froouoncv  components.  -  If  the  plasma  Is  treated  by  the  more  rigorous 
and  appropriate  method  of  colllslonless  kinetic  theory,  the  low-frequency  MHO 
results  are  reproduced,  providing  that  the  conditions  kMVA-Vk  •  V  «  1  and 
kpVpVk  •  V  »  l  are  satisfied.  (Note  that  this  Invalidates  the  slow  sound 
wave,  which  becomes  strongly  damped.)  There  are,  however,  other  modes  of 
oscillation  possible,  and  many  of  these  waves  have  peculiar  transmitting 
properties. 

If  we  work  only  to  lowest  order  In  the  Ion  gyroradlus,  using  the  cold  Ion 
approximation,  then  the  tether  field  gives  rise.  In  addition  to  the  quasi¬ 
static  response,  to  an  oscillating  field  whose  amplitude  depends  essentially  on 
the  distance  along  the  field  line  from  the  point  of  observation  to  the  tether, 
and  only  slowly  on  the  distance  along  the  direction  of  motion.  The  frequency, 
however,  varies  with  this  distance  and,  as  a  result,  a  signal  modulated  In 
both  amplitude  and  frequency  Is  produced  as  the  tether  passes. 

The  charge  density  can  also  excite  a  narrow  band  of  Langmuir  waves,  pro- 
vldlng  that  k.‘  V/kRVt~  »  1.  These  combine  again  to  give  a  modulated  wave  as 
the  collector  passes.  The  signal  occurs  In  planes  above  and  below  the  collec¬ 
tor,  and  this  time  has  a  constant  amplitude  depending  only  on  the  distance 
projected  along  the  field  line  and  Is  again  a  slowly  modulated  sine  wave  In 
the  region  of  Its  appearance. 


CONCLUSIONS 

This  has  been  an  Introductory  essay  on  the  subject  of  conducting  tethers. 
We  have  presented  arguments  suggesting  that  current  collection  can  be  reason¬ 
ably  efficient  even  with  a  fairly  simple  system,  although  the  local  modifica¬ 
tion  In  the  plasma  Is  both  unexpected  and  dramatic.  We  have  also  discussed 
some  features  of  the  wake  and  have  explored  several  components:  the  Alfven 
wave,  magnetoacoustics,  and  high-frequency  elements. 

This  Is  by  no  means  a  complete  study;  It  Is  suggestive  rather  than  demon¬ 
strative.  We  have  not  given  a  complete  and  consistent  theory  of  the  extended 
sheath  (the  high  field  region  needs  to  be  analyzed),  nor  have  we  discussed  Its 
overall  stability. 

The  discussion  of  the  wake  is  also  Incomplete.  The  pressure  mode  (the 
slow  magnetoacoustic  wave)  Is  probably  strongly  damped,  and  the  connections  to 
the  source  have  not  boon  evaluated  In  full  detail.  Some  of  the  results,  the 
lack  of  Alfven  waves  from  the  tether,  for  example,  depend  on  the  orientation 
chosen  and  would  be  modified  as  the  system  moved. 

The  treatment  of  the  high-frequency  components  Is  also  Incomplete.  We 
hrve  used  a  greatly  oversimplified  representation  of  the  dielectric  response, 
neglecting  the  effects  of  Ion  thermal  motion,  Including  the  higher  cyclotron 
rtsonances , 
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Nor*  importantly,  we  have  rastrlctad  the  analysis  to  the  static  wake.  If 
tha  currant  Is  modulated,  new  phenomena  must  ba  expected,  some  of  which  can  be 
analysed  by  tha  methods  wa  have  described,  but  some  of  which  call  for  more 
complex  Investigations. 

Me  have  not  presented  a  careful  analysis  of  motion  around  the  tether. 

This  Is  1«Mortant  since  tha  coupling  to  the  linear  waves  requires  a  treatment 
of  tha  local  nonlinear  region. 

finally,  wo  have  not  attempted  to  consider  the  possible  effect  of  electro¬ 
dynamic  forces  on  the  motion  of  the  tether. 

Much  remains  to  ba  done,  but  at  least  a  start  has  been  made  on  a  detailed 
and  rigorous  analysis  of  the  electrodynamics  of  a  tether  In  space. 
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Figure  3.  -  Current  flow  near  collector 
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Extravehicular  activity  (EVA)  during  Shuttle  flights  planned  for  the  late 
1980's  includes  several  factors  which  together  may  constitute  an  astronaut  hasard. 
Pree-flight  EVA  is  planned  whereas  prior  United  States  earth  orbit  EVA  has  used 
uabilioal  tethers  carrying  communications,  coolant,  and  oxygen*  EVA  associated 
with  missions  like  Landsat  Retrieval  will  be  in  orbits  through  the  auroral  oval 
where  Charging  of  spacecraft  may  occur. 

The  astronaut  performing  free  flight  EVA  constitutes  an  independent 
spacecraft*  The  astronaut  and  the  Shuttle  make  up  a  system  of  electrically 
isolated  spacecraft  with  a  wide  disparity  in  sice.  Unique  situations,  such  as  tha 
astronaut  being  in  the  wake  of  the  Shuttle  while  traversing  an  auroral  disturbance, 
could  result  in  significant  aatronaut  and  Shuttle  charging.  Charging  and 
subsequent  arc  discharge  are  important  because  they  have  been  associated  with 
operating  upoeta  and  even  satellite  failure  at  geosynchronous  orbit.  Spacecraft 
cdiar^  ig  theory  and  experiments  are  being  examined  to  evaluate  charging  for  Shuttle 
aise  spacecraft  in  the  polar  ionosphere* 

The  extensive  body  of  knowledge  about  auroral  phenomena  can  assist  in 
evaluating  the  importance  of  charging*  Images  recorded  by  tha  Defense 
Meteorological  Satellite  Program  (DM8P)  satellites  in  oircular  orbits  show 
snapshots  of  tha  spatial  extant  of  the  optical  aurora*  Montages  of  all  sky  camera 
images  from  an  aircraft  flying  a  path  to  remain  at  constant  local  midnight  show 
the  oyolla  behavior  and  tha  auddennass  of  onset  of  optical  aurora*  Geophysical 
conditions  measured  at  the  time  can  be  used  to  evaluate  the  EVA  conducted  frost 
Skylab  in  1973-74*  Sky lab,  with  an  orbit  inclination  of  50  degrees,  did  encounter 
the  auroral  oval  whan  the  orbit  latitude  extremes  were  at  tha  right  longitude  and 
local  time.  Study  of  the  geophysical  conditions  and  orbits  during  the  Skylab  EVAs 
showed  that  astronauts  on  EVA  ware  always  at  least  5  degrees  of  latitude 
equatorward  of  the  auroral  oval* 

I  NT  HD  DUCT  ION 

In  the  proaesa  of  evaluating  space  systems  environmental  interactions  (Pika  et 
al,  ref.  1),  it  became  apparent  that  physical  interactions  between  the  environment 
qnd  the  astronaut's  extravehicular  activity  (EVA)  equipment  could  be  significant* 
Servicing  of  satellites  after  launch  is  an  example  of  how  astroneut  free-flight 
EVA  will  be  used*  The  EVA  equipment  now  available  for  use,  developed  by  the 
National  Aeronautics  snd  Spaas  Administration  (NASA)  at  the  same  time  that  the 
Shuttle  was  being  developed,  was  designed  for  Shuttle  flights  at  low  inclination 
angles  (NASA  Johnson  Specs  Center  (JSC)  Private  Communication,  1962).  At  that 
time  it  was  not  anticipated  that  polar  orbit  EVA  would  involve  additional  problems. 
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The  special  area  of  concern  to  Air  Fore*  Geophysics  Laboratory  (APGL)  is  with 
the  physical  interaction  between  the  environment  and  the  astronaut's  BVA  equipment* 
as  opposed  to  the  biological  interaction  between  the  environment  and  the  astronaut 
himaslf .  The  effort  has  focused  on  the  interaction  of  charging  and  arc  discharges 
{Garrett  and  Pike,  ref.  2)  on  the  Extravehicular  Nobility  Unit  (EMU)*  the  Primary 
Life  Support  System  (PLSS),  and  the  Manned  Maneuvering  Unit  (MKU).  This 
interaction  is  important  because  of  the  consequences  of  EVA  equipment  failure  in 
combination  with  the  great  uncertainty  involved  with  charging  and  arc  discharge  in 
the  Shuttle  environment. 

EXTRAVEHICULAR  ACTIVITY 

The  polar  orbit  EVA  to  be  conducted  from  Shuttle  will  encounter  conditlona 
differing  from  those  encountered  during  the  NASA  successful  KVA  history  during  the 
Gemini*  Apollo*  and  Sky lab  programs  (Furniss*  ref.  3).  The  NASA  history  of  EVA 
has  bssn  ons  of  outstanding  success  since  the  first  EVA  by  Wilts  on  the  Gemini  4 
flight  in  1965.  The  Gemini  program  included  9  EVAs  at  low  (several  hundred 
kilometers)  altitude  and  low  latitude  with  tho  astronauts  connected  to  the 
spacecraft  by  sn  umbilical  tsthsr  carrying  oxygen,  coolant*  and  communications 
services.  Approximately  20  EVAs  were  conducted  during  the  Apollo  program.  Most 
occurred  on  the  lunar  surface  with  3  in  deep  apace  while  returning  to  earth. 
Although  the  lunar  EVAs  were  un tat he red*  they  were  in  e  deep  space  environment 
quite  different  from  the  Earth's  ionospheric  plasma.  The  10  EVAs  from  Skylab  were 
again  in  fens  ionospheric  plasma  with  the  astronauts  connected  to  Skylab  by  an 
umbilical  tethar.  Skylab' s  50  degree  orbit  inclination  intaraectad  tha  auroral 
oval*  the  greatest  overlap  was  in  tha  southern  hemisphere  near  Australia.  However* 
the  Skylab  EVAs  were  conducted  while  the  orbital  latitudinal  axtrasma  wars  in 
other  longitudinal  sactora.  The  gecphyaical  conditions  sncountsrsd  during  tha 
Skylab  EVAs  will  bs  disouaswd  latsr. 

With  this  successful  EVA  history  aa  a  basallna,  what  ia  there  about  KVA  from 
tha  Shuttla  to  cauas  concern?  One  significant  factor  ia  that  at  tlmaa  the 
astronaut  will  bs  untatharad  and*  if  simultaneous  failures  occur*  could  "float 
away".  Another  factor  in  ths  development  of  Vandenbnrg  Air  Fores  Bass  aa  a  Shuttla 
launch  sits.  Vandenberg  will  hava  ths  capability  of  launching  ths  Shuttle  into 
high  inclination  orbits  intsrsscting  tha  auroral  oval  4  times  during  svsry  orbit. 
Ths  anvironment  at  auroral  oval  latitudes  is  markedly  diffsrsnt  from  that  at  low 
latitudes  and  ia  potentially  hostile  during  geophysical  disturbances.  NASA  is  now 
considering  a  polar  orbit  Shuttle  flight  from  Vandenberg  to  retrieve  tha  Landsat-D 
satellite.  Ths  mission  scenario  is  expected  to  include  EVA  and,  possibly* 
frae-flight  KVA. 

Polar  Orbit  Extravehicular  Activity 

Ths  polar  orbit  EVA  illustrated  in  figure  1  depicts  ths  combination  of 
circumstances  which  make  polar  frea-f light  EVA  different  fra*  other  EVAs  to  date. 

At  the  center  is  a  graphics 1  representation  of  analytical  modeling  of  tha  Shuttle 
and  an  astronaut  on  EVA  in  tha  ambient  ionospheric  plasma  (Cooke  et  al*  raf.  4). 

The  ahape  of  the  Shuttle  is  represented  by  different  sissd  rectangular  and 
triangular  solids.  Tha  astronaut  is  represented  aa  a  2  smter  long*  1  motor 
diameter*  dielectric  cylinder.  The  Shuttle  is  large  compared  to  the  aise  of  the 
astronaut*  who  will  at  times  bs  in  ths  wake*  where  electron  and  ion  densities  are 
deoreassd.  The  Shuttla  is  shown  with  ths  negative  z  axis  in  ths  direction  of 
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■otion  and  tha  payload  bay  in  tha  wake.  Tha  contours#  more  distinct  in  tha 
original  color  illustration,  show  tha  decreased  alaetron  and  ion  dsnaity.  Tha 
innermost  contour  rapraaanta  5%  of  ambient.  Experimental  plasma  dsnaity 
measurements  in  tha  Shuttle  payload  bay  on  sarly  flights  have  shown  great 
differences  between  tha  payload  bay  in  tha  raa  direction#  where  tha  ionosphere  has 
access  to  tha  payload  bay#  and  tha  payload  bay  in  tha  wake  orientation  f Sheehan  at 
al#  ref.  5).  For  sows  geometrical  arrangements  during  flight  through  tha  auroral 
oval,  such  as  depicted  hare,  tha  Shuttle  and  the  free-flying  astronaut  will,  both 
be  exposed  to  the  incident  auroral  electron  flux.  Conditions  which  support 
spacecraft  charging  will  occur  beosuae  of  tha  auroral  electron  flux  contained  with 
the  decreased  electron  density  and,  more  importantly#  the  reduced  thermal  positive 
ion  density  in  tha  Shuttle  wake. 

existing  Extravehicular  Activity  equipment 

Figure  2  identifies  soaia  of  tha  surfaca  materials  used  on  the  astronaut' e 
EVA  equipment  (HASA  JSC  Frivate  Communication #  1982).  Many  of  thesa  materials  ere 
similar#  or  even  identical#  to  matarials  which  wera  adversely  effected  on  the 
0CAVHA  (Spacecraft  Charging  At  High  Altitudes)  satellite  and  in  laboratory  studies 
of  the  charging  of  Materials  in  space.  Moat  cf  the  apace  suit  (SHU)  is  covered  by 
orthofabric  which  has  a  whits  surface  consisting  of  expanded  teflon.  The 
astronaut' e  finger  tips  and  shoa  soles  are  silicon  rubber.  Much  of  the  MNU  is 
covered  with  tha  type  of  Chemglasa  piint  which  has  been  found  to  sxhibit  charging 
on  SC AT HA  and  in  other  spacecraft  charging  studies.  Some  areas  have  silverised 
teflon  and  others  have  gloea  white  paint  over  glast»/apoxy  or  kevlar/epoxy.  The 
astronaut' a  helmet  end  the  MNU  locator  light  domes  are  Lexan.  A  similar  materiel# 
Plexiglas,  which  has  previously  besn  used  for  transparent  spacecraft  components , 
is  known  to  have  been  associated  with  charging.  The  metal  foil  decals  used  for  a 
number  of  identifying  labels#  particularly  on  tha  MMU,  may  become  involved  with 
charging.  Previously,  isolated  conductive  patterns  on  printed  circuit  boards  have 
suffered  charging  and  deleterious  arc  discharge*  (Leung  at  el,  ref.  6).  The 
decals  are  an  example  of  e  seemingly  innocuous  item  which  become*  significant  when 
conditions  conducive  to  charging  occur. 

Figure  3  shows  an  astronaut  equipped  for  free-f light  EVA.  The  major  equipment 
systems  ere  the  EMU  and  the  PLSC  used  for  all  KVA*,  along  with  tha  MKU  used  for 
untethered  free-flight  EVA.  Sons  problems  with  EVA  equipment  can  be  direct 
life-threatening  haserds  to  tha  astronauts.  The  failure  of  the  PUIS  circulating 
fan  motor  during  the  STi-3  flight  is  an  example  (Aviation  Meek,  ref.  7).  MMU 
failures  ere  also  potentially  life  threatening.  A  failure  causing  an  MMU  thrueter 
to  remain  on  would  cause  attitude  control  problems  similar  to  those  encountered  by 
Gemini  8  where  e  spacecraft  control  system  short  circuit  caused  one  thruster  to 
fire  continuously.  The  Gemini  astronauts  used  75%  of  their  reaction  control 
system  fuel  before  recovering  from  the  malfunction.  This  forced  them  to  cancel 
tha  reet  of  their  mission  end  jeturn  as  soon  as  possible.  Operational  planning 
for  EVA  provides  for  the  8huttle  going  after  the  astronaut  if  thare  are  multiple 
failures  in  tha  MMU  redundant  control  systems.  A  MMU  thruster  malfunction  leaving 
the  aatronavV  spinning  rapidly  could  complicate  retrieval  by  the  Shuttle,  as  wall 
as  be  s  direct  danger  to  the  astronaut. 

Other  KVA  equipment  problems  which  would  limit  KVA  operations  have  just  a* 
much  significance  as  life-threatening  hasarda,  from  tha  standpoint  of  failure  to 
achieve  the  Shuttle  mission  objectives.  Failure  of  an  JMU  astronaut  communications 
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link#  while  not  a  threat  to  the  astronaut's  life#  would  out  short  a  mission  such 
as  repair  of  the  Solar  Maximum  Mission  spacecraft.  Failures  in  the  helmet 
television  or  PLS8  Caution  and  warning  systems  also  limit  operations.  FVAa 
would  not  be  carried  out  without  one  of  these  systems  unless#  for  example,  it 
was  necessary  for  the  astronaut  to  close  the  payload  doors  for  entry.  The 
presently  available  EVA  equipment  uses  advanced  microelectronics  for  monitoring 
status#  communications#  etc^#  but  not  for  dirset  control  of  life  support 
subsystems,  a  change  to  direct  microprocessor  control  of  life  support  functions, 
proposed  for  future  systems,  could  make  failure  even  more  significant. 

Ixtravehicular  Activity  Near  Solar  Array  Systems 

Figure  4  illustrates  anothsr  new  aspect  of  EVA  in  the  future,  operation  near 
h igh-po we r-genarating  solar  array  syatsms,  where  charging  is  known  to  occur  and 
arc  discharges  have  bean  obsarvad.  An  exampla  is  ths  SO  Ktt  system  NASA  is  planning 
for  the  Space  Station.  Solar  array  segments  have  differences  in  electrical 
potential  due  to  the  ssriss-parallol  interconnection  of  individual  calls.  Point 
to  point  aro  discharges  occur  when  the  difference  in  potential  between  the  moat 
positive  and  most  nags ti vs  solar  calls#  or  from  ths  solar  cells  to  ths  smbisnt 
plasms#  is  too  larga  (Stevens,  ref.  8).  The  net  effect  of  the  solar  array  surfaces 
is  to  modify  ths  noarby  plasms  such  that  a  hasard  may  ba  oraatad  for  a  frae-flying 
astronaut.  A  solar  array  hasard  would  havs  a  major  impact  on  EVAs  anticipated 
during  assembly  end  operations  of  a  Apace  Station  dependent  on  solar  arrays. 

AURORAL  OVAL  ENVIRONMENT 

The  concept  of  the  auroral  oval  was  devaloped  by  Fsldstein  and  Starkov 
(ref.  9)  but  has  been  most  strikingly  illustrated  by  the  recordings  of  auroras 
mmds  by  sa tel lit*  imaging  syatams.  Originally#  the  oval  urns  used  to  describe  the 
location  where  optical  aurorae  were  observed.  Later#  it  has  also  bean  found  useful 
in  describing  other  phenomena#  including  the  precipitation  of  energetic  electrons 
which  produce  auroras j  The  oval  extends  completely  around  ths  earth  although#  in 
soma  orientations#  observation  of  optical  auroras  is  masked  by  sunlight.  Ths 
auroras  are  found  in  a  band#  somewhat  circular  in  form#  with  its  center  displaced 
towards  ths  night  side  of  ths  earth,  it  has  a  greater  latitudinal  extent  on  ths 
dark#  or  midnight#  aids.  The  oval  fores  a  fixed  pattern#  relative  to  the  »w# 
which  changes  in  geographical  location  as  ths  earth  routes  beneath  (Whalen, 
ref.  10). 

Ths  satellite  auroral  photos  in  figure  S  demonstrate  how  ths  aurora  can  have 
spatial  variations#  particularly  in  north~south  extant  (Pika#  ref.  11).  Local 
midnight  is  at  ths  center  of  each  of  ths  2  auroral  photos.  On  ths  right#  whan 
ths  aurora  would  be  described  as  quiet#  ths  aurora  has  a  narrow  latitudinal  extant. 
A  spacecraft  crossing  it  at  right  angles  would  be  exposed  to  snsrgstic  auroral 
electrons  for  only  a  few  asoonds.  As  ths  angle  between  ths  orbit  and  ths  narrow 
auroral  aro  dsornasss#  ths  time  of  exposure  increases.  An  orbit  tangent  to  a 
relatively  narrow  auroral  arc  could  result  in  exposure  to  energetic  auroral 
electrons  for  tans  of  seconds#  even  whan  ths  aurora  is  not  disturbed.  Ths  left 
half#  from  a  different  orbit  of  ths  same  satellite#  shows  that  ths  aurora  has  a 
wider  latitudinal  extent  during  a  geophysical  disturbance  and#  depending  on  tho 
exact  orbit#  the  spacecraft  would  encounter  the  energetic  auroral  electrons  for 
tans  or  even  hundreds  of  seconds.  A  lengthy  exposure  to  snsrgstic  electrons  is 
not  required  in  order  to  have  a  spacecraft  charge  to  dangerous  voltage  levels. 
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A  DMSP  satellite  has  been  measured  to  charge  to  hundreds  of  volts  within  seconds 
(Burke  and  Hardy,  ref.  12).  The  effect  of  extended  exposure  tins  is  to  increase 
the  likelihood  that  the  auroral  oval  would  bo  disturbed  during  the  passage  of  the 
spacecraft. 

The  tsnporal  variation  of  auroras  in  the  oval  is  also  of  interest  in 
evaluating  the  likelihood  of  interaction  effects  on  KVA  equipment*  Auroras  are 
the  most  variable  and  the  most  intense  during  worldwide  magnetic  stoxma  following 
solar  flares.  Auroral  temporal  variations  are  important  even  et  other  tinea.  To 
see  this.  All  Sky  Camera  (ASCA)  pictures  taken  with  a  160  degree  field  of  view 
fisheye  lens  from  the  A FOIL  Airborne  Ionospheric  Observatory  will  ba  used.  The 
aircraft  flew  a  path  with  a  ground  track  in  gaographie  coordinates  as  shown  on 
the  left  in  figure  6  (Krukonis  end  Mhalen,  ref.  13).  Because  the  eerth  rotated  as 
the  aircraft  flew  west,  the  aircraft  remained  near  local  magnatia  midnight.  The 
earns  flight  path  in  the  corrected  geomagnetic  local  tint  and  latitude  coordinate 
system  is  shown  on  the  right.  The  aircraft  flaw  short  north  and  south  tracks, 
approaching  and  departing  from  the  magnetic  pole.  The  ASCA  flsld  of  view  covered 
4  degrees  of  magnetic  latitude  to  the  north  and  to  the  eouthf  therefore,  70  degrees 
north  corrected  geomagnetic  latitude  was  always  within  view. 

Each  atrip  of  the  ASCA  montage  for  this  flight,  figure  7,  shows  30  pictures 
taken  once  per  minute  with  a  13  aacond  time  exposure.  The  complete  montage 
represents  a  continuous  9  hour  time  history  of  the  temporal  variations  o*.  the 
aurora  near  local  magnetic  midnight.  Each  circular  image  has  been  rotated  during 
reproduction  so  that  North  is  to  the  laft  and  last  la  at  the  top.  This  improves  , 
interpretation  of  the  images  by  removing  effects  from  changes  in  the  heading  of 
the  aircraft*  At  times,  the  aky  was  almost  olaar  of  auroras  with  only  faint  forms 
not  easily  seen  in  these  reproductions.  At  other  tinea,  optical  auroras  covered 
the  field  of  view  from  the  northern  to  the  southern  limits,  about  900  kilometers. 
The  energstia  electron  deposition  region  producing  the  optical  auroras  corresponds 
closely  with  the  optical  aurora,  tpaoeoraft,  including  a  free-flying  astronaut, 
would  have  been  in  the  area  of  precipitating  partlolea  likaly  to  cause  charging 
for  over  100  eeconds.  It  la  also  important  to  realise  how  quickly  the  upper 
atmosphere  can  changs  from  showing  only  faint  tracaa  of  aurora  to  bright  auroras 
covering  the  ASCA  field  of  view.  This  can  be  aeen  near  0310  UT  whan  the  aurora 
expanded  from  e  narrow  feature  near  the  southern  horison  to  completely  fill  the 
field  of  view  within  2  to  3  minutes.  This  is  euch  too  fast  tor  tha  astronaut  to 
taka  any  action  towards  protecting  himself.  Operational  planning  must  consider 
that  the  astronaut  will  find  himself  immersed  in  the  energetic  auroral  elaetron 
stream.  The  KVA  equipment  must  not  bo  susceptible  to  adverse  environmental 
interactions  due  to  energetic  auroral  electrons. 


The  values  of  the  Q,  AV,  end  Xp  magnetic  indices  (Mayaud,  ref.  14)  measured 
by  magnetic  observatories  during  the  flight  are  shown  on  the  right.  It  is 
inappropriate  to  attempt  extensive  oonoluslona  about  the  correlation  of  magnetic 
index  variations  with  the  ASCA  montage  for  this  small  quantity  of  data,  lhe 
iwgnetio  index  Q  represents  the  disturbance  from  quiet  day  values  in  a  IS  minute 
period  for  an  auroral  oval  magnetic  observatory,  in  this  case  todankyla  in  Sweden. 
The  2  valuta  are  for  the  first  end  second  half  of  each  row  of  imagee.  The  index  Q 
has  been  found  to  be  correlated  with  the  location  of  optical  auroras  (Faldetain 
and  Starkov,  ref.  9).  tor  this  date  simple,  it  increased  generally  as  tha  auroras 
became  brighter  and  filled  more  of  the  ASCA  image. 
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The  value  for  AE  represents  the  hourly  average  of  the  AE  index  determined  for 
a  global  network  of  auroral  oval  observatories*  AE  represents  the  sum  of  the 
eastern  and  western  auroral  electrojets  and  increases  as  the  magnitudes  of  optical 
auroras  increase  (Allen  et  al,  ref.  15).  In  addition  to  the  hourly  AE  averages, 
the  AE  graphical  plot  showed  maxima  of  400  gammas  at  033G  UT,  425  gammas  at  0410 
OT,  550  gammas  at  0730  UT,  and  640  gammas  at  1050  UT.  These  maxima  can  be 
associated  with  brighter  image  sequences  in  the  figure.  In  addition,  the  times 
which  show  smaller,  fainter  auroral  images,  05  to  06  UT  and  09  to  10  UT,  have  lower 
average  AE  values. 

This  data  sample  provides  a  good  example  for  comparing  optical  auroral  images 
with  the  Kp  index.  The  Kp  index  represents  the  variation  of  magnetic  activity  for 
low  latitude  observatories  during  a  3  hour  period.  The  bright  sequence  from 
0310  UT  to  0400  UT  and  the  faint  sequence  from  0450  UT  to  0555  UT  are  both 
associated  with  the  03  to  06  UT  value  of  Kp  of  4.  This  example  demonstrates  the 
limitations  of  using  a  3  hour  index  like  Kp  to  characterize  a  phenomenon,  such  as 
the  optical  aurora,  which  can  vary  greatly  within  the  3  hours. 

GEOPHYSICAL  CONDITIONS  ENCOUNTERED  DURING  SKYLAB  EXTRAVEHICULAR  ACTIVITY 

As  msntioned  previously,  Skylab  had  a  50  dsgree  inclination.  Its  orbit 
intersected  the  auroral  oval  when  the  orbital  latitude  extremes  occurred:  at 
longitudes  where  the  magnetic  poles  are  closest  to  the  equator;  and,  near  corrected 
geomagnetic  local  midnight  when  the  auroral  oval  reached  its  most  equatorward 
extent.  The  geophysical  conditions  at  the  time  of  the  10  Skylab  EVAs  have  been 
examined.  The  closest  approach  was  in  the  southern  hemisphere  during  the  EVA  of 
Garriott  and  Bean  on  22  September  1973,  during  the  Skylab  III  mission.  Partial 
Skylab  ground  tracks  are  shown  in  figure  8  in  the  corrected  geomagnetic  local  time 
and  latitude  coordinate  system.  The  auroral  oval  for  a  Q  value  of  2  (the  value 
measured  at  Sodankyla  at  the  same  time)  is  shown.  The  closest  approach  was  on 
orbit  2022,  where  the  minimum  separation  was  about  5  degrees  of  latitude,  a 
5, degree  latitude  separation  usually  means  complete  absence  of  the  precipitating 
energetic  electrons  which  are  present  in  the  auroral  oval.  The  end  of  EVA  at  1400 
UT  on  orbit  2023  is  actually  repressurization,  meaning  that  the  astronauts  were 
already  inside  the  airlock.  This  analysis  shows  that  EVA  within  the  aurora  is 
something  that  the  United  States  has  yet  to  encounter. 

SUMMARY 

Our  preliminary  analysis  of  the  special  situation  of  free-flight  EVA  from  the 
Shuttle  while  passing  through  the  auroral  oval  has  identified  it  as  a  space  system 
environmental  interaction  deserving  of  further  study.  Further  investigations  by 
the  Air  Force  and  NASA  have  not  resolved  this  concern.  AFGL  is  continuing  to  work 
with  NASA  scientists  to  determine  if  a  hazard  does  exist,  how  serious  it  is,  and 
whether  it  is  life-threatening.  Discussions  have  beiui  held  with  the  NASA  JSC  Crew 
Equipment  Division  responsible  for  developing  the  astronaut  equipment,  to  bring  to 
their  attention  that  charging  and  arc  discharges  may  occur  on  the  equipment 
surfaces.  Once  the  charging  hazard  has  been  defined,  then  the  susceptibility  of 
the  existing  and  future  systems  can  be  determined  by  engineering  tests.  AFGL 
believes  it  is  prudent  and  necessary  to  establish  what  will  happen  so  that,  as 
shown  in  figure  9,  EVA  will  continue  to  be  successful  as  the  Shuttle  flight 
envelope  expands  to  orbits  through  the  auroral  oval. 
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Figure  2.  -  Astronaut  equipment  materials 


Figure  4,  -  Astronaut  and  solar  power  systems. 
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Figure  6.  -  AFGl.  Airborne  Ionospheric  Observatory  flight  track 
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ARGON  ION  POLLUTION  OF  THE  MAGNETOSPHERE 


Ramon  £.  Lopez 
Rice  University 
Houston,  Texas  77251 


Construction  of  «  Solsr  Power  Satellite  (SPS)  would  require  the  injection  of 
large  quantities  of  propellant  to  transport  material  from  Low  Earth  Orbit  (LEO)  to 
the  construction  site  at  Geostatiohary  Earth  Orbit  (GEO)*  This  injection,  in  the 
form  of  ~1032,  2  KeV  argon  ions  (and  associated  electrons)  par  SPS,  is  comparable  to 
the  content  of  the  plasmasphere  (~1031  ions)*  In  addition  to  the  mass  deposited, 
this  represents  a  considerable  Injection  of  energy* 

The  injection  is  examined  in  terms  of  a  simple  model  for  the  expansion  of  the 
beam  plasma.  General  features  of  the  subsequent  magnetospherlc  convection  of  the 
argon  are  also  examined. 


INTRODUCTION 


In  recent  years  a  large  scale  energy  system,  the  Satellite  Power  System  (SPS), 
has  received  considerable  attention  from  the  scientific  and  technical  community. 

The  basic  concept  for  SPS  is  as  follows:  Large  (10  km  *  5  km)  platforms  would  be 
constructed  in  geostationary  earth  orbit  (GEO)  to  collect  solar  energy,  'finis  energy 
would  be  converted  into  microwaves  and  beamed  down  to  Earth,  received  by  a  recti¬ 
fying  antenna  and  fed  into  the  power  grid. 

In  1978,  Rockwell  International  did  a  system  definition  study  (ref.  1)  in  which 
a  5  GW  (at  Earth  interface)  reference  system  was  developed.  The  transportation 
component  would  mandate  the  construction  of  several  reusable  heavy  lift  launch 
vehicles  (HLLV)  to  haul  material  into  low  Earth  orbit  (LEO).  From  LEO  the  cargo 
would  be  shuttled  t  •.  the  construction  site  GEO  in  a  fleet  of  electric  orbit  transfer 
vehicles  (EOTV). 

The  EOTVs  would  be  solar  powered  and  propelled  by  ergon  ion  thrusters.  Ion 
thrusters  have  some  advantages  over  chemical  rockets.  They  can  deliver  a  sustained, 
steady  thrust.  Also,  the  ion  thruster  propellant  velocity  is  much  greater  than  for 
chemical  thrusters,  therefore  isuch  less  mass  need  be  injected  to  move  an  equal 
amount  of  cargo  from  LEO  to  GEO  with  ion  thrusters. 

In  spite  of  the  greet  efficiency  of  ion  propulsion,  due  to  the  great  mass  that 
must  be  transported,  enormous  quantities  of  energetic  ergon  and  the  associated 
(thermal)  electrons  would  be  injected  into  tha  environment.  Such  a  large  scale 
Injection  of  plasma  into  the  magnetosphere  is  llkey  to  have  a  global  Impact  on 
Earth's  magnetospherlc  morphology  end  dynamJ.cs.  In  addition,  due  to  the  highly  ani¬ 
sotropic  velocity  distribution  of  the  argon,  this  represents  a  considerable  injec¬ 
tion  of  free  energy.  Numerous  processes  should  transfer  a  large  portion  of  the 
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Injection  energy  to  the  aagnetospherlc  system. 

Ion  thruster  technology  Is  still  developing  and  so  the  parameters  for  the 
thruster  In  question  are  uncertain.  The  Rockwell  reference  system  described  an  BOTV 
propelled  by  an  ion  thruster  with  a  grid  potential  Unit  of  2  keV,  to  avoid  arcing 
to  the  background  plasma.  It  would  operate  with  an  ion  bean  current  of  1904  amps , 
have  a  radius  *  38  cm,  and  develop  69.7  Nt  of  thrust.  Eighty  euch  thrusters  would 
equip  each  EQTV,  in  four  groups  of  20,  with  16  active  and  4  spares. 


The  thruster  produces  two  distinct  plasmas:  the  beau  plasma  and  the  thermal 
plasma  produced  by  charge  exchange  between  the  bean  plasma  and  escaping  un-lonlted 
argon*  The  number  of  charge-exchange  ions  produced  per  second  is  given  by  Kaufaann 
(ref.  2)  to  be: 


2cceV(1  -  n) 
•2v0Vn 


.-*> 


where  Oqj  -  charge  exchange  cross  section  ■  2  k  10”19  m2 
Jo  ■  beam  current  ■  1904  A 
-  (8KT/**)1'2 
R  »  beam  radius  -  .38  m 
'0  ■  fraction  of  propellant  ionized 
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Car ruth  and  Brady  (ref.  3)  state  that  in  experiments  with  a  900-series,  Hughes 
mercury  ion  thruster  approximately  902  of  the  propellant  is  ionised.  The  remaining 
10%  escapes  (through  the  optics  in  the  form  of  neutral  mercury.  Therefore  n  is 
aesumed  to  be  0.9  and  KT  ■  10  eV  (ref.  4),  which  gives  N  -  6.07  x  102°  Ar+  a"1. 

This  representa  about  5.6Z  of  the  beam  current. 


Parks  and  Rats  (ref.  5),  and  Carruth  and  Brady  (ref.  3)  report  that  laboratory 
tests  show  the  charge-exchange  plasma  near  the  thruster  moves  radially  outward  from 
the  thruster  beam.  This  thermal  plasma  will  be  injected  into  space  with  essentially 
the  EOTV’s  orbital  velocity.  As  in  the  barium  release  experiments  (ref.  6),  the 
plasma  is  expected  to  expand  until  8  *  1,  at  which  point  the  expansion  perpendicular 
to  B  is  stopped  by  the  field. 


This  thetmal  argon  plasma,  apart  from  the  beam  oJesma,  would  be  In  Itself  a 
considerable  addition  to  the  thermal  heavy  ion  population,  especially  in  the  plasma- 
sphere.  The  remaining  un-lonised  argon  would  be  subject  to  charge  exchange  and  pho- 
tolonlsatlon,  the  latter  of  which  has  an  e-foldlng  production  rate  given  by  Siscos 
qgd  Mukherjee  (ref.  7)  to  be  4.3  x  IO”4  s"1.  This  allows  many  of  the  fast  (charge- 
elchaflMH^eutrals  to  escape,  while  trapping  the  thermal  neutrals  In,  or  near,  the 
plasmasphere. 


TABLE  I.  -  SPS  PARAMETERS 

SPS  mass  ~  5  x  107  Kg 
E0TV  -  LEO  departure  ~  6.7  x  io6  Kg 
Cargo  ~  5  x  io6  Kg 

Propellant  -  5.5  x  io5  Kg 
LEO  *  GEO  LEO  trip  time  *  130  days 
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The  quantities  of  mss  Involved  In  the  reference  eye ten  are  given  in  table  1* 

To  build  a  5  OH  station  of  a  ness  “5  x  107  Kg,  one  neede  “  10  ROTV  flights  which 
would  inject  5  *  10*  Kg  of  2  keV  Ar+  and  ~5  *  10s  Kg  of  thermal  Ar  (along  with  the 
associated  electrons)  into  the  aagnatosphere.  Assuning  that  two  ftatione  are  built 
per  year  this  gives  an  averege  injection  rate  of  5.3  *  1026  Ar+  s'*1.  This  is  com¬ 
parable  to  the  poler  wind  Injection  rets  of  ~3  x  1026  a”1  and  equal  to  the  plasma 
sheet  loss  ratw  (ref.  8).  The  average  rate  of  energy  injection  (in  the  form  of 
2  keV  Ar*)  is  ~10*  watts,  while  an  average  substorm  depositee  I0ll-1012  watts  Into 
the  ionosphere  (ref.  9).  This  energy  will,  however,  be  distributed  over  e  smaller 
area  end  so  power  densities  could  be  similar  to  auroral  power  densities. 

Needless  to  say,  the  scope  of  the  questions  involved  in  such  an  Injection  is 
extensive.  This  paper  will  concern  Itself  mainly  with  two  topics:  the  injection  of 
the  energetic  ions  (beam  plasma  dynamics)  and  the  subsequent  convection  of  the  beam 
ions  in  the  magnetosphere. 


BEAM  PLASMA  DYNAMICS 


The  plasma  beam  that  emerges  from  the  thruster  is  a  dense,  charge-neutral  beam 
moving  perpendicular  to  B.  The  physics  of  a  plasma  beam  Injected  into  a  transverse 
magnetic  field  has  besn  studied  by  many  authors,  both  sxperlmsntally  and  theoreti¬ 
cally  (refs.  10,  11,  12,  13).  Also  there  have  been  authors  who  have  considered  the 
problem  of  ion  thrusters  in  space,  some  specifically  in  the  SPS  context  (refs.  4, 

14,  15). 

Curtis  and  Grebowsky  (ref.  14)  argue  that  the  beam  polarises  and  I  ■  x  I 
cancels  the  Lorents  force.  According  to  Curtis  and  Grebowsky  (ref.  14)  the  bean 
density  is  always  able  to  support  the  polarisation  field.  In  this  case  the  beam 
simply  passes  out  of  the  magnetosphere,  depositing  a  thin  non-propagating  sheath. 
While  this  is  correct  for  a  vacuum  injection,  when  the  field  lines  threading  the 
beam  are  shorted  the  plasma  is  stopped  (refs.  10,  13).  This  is  exactly  the  case  In 
the  magnetosphere.  The  beam  dynamics  paradigm  of  Chiu  at  al.  (ref.  15)  is  based  on 
the  barium  release  experiments  (refs.  6,  12).  In  this  picture  the  polarisation 
field  accelerates  and  polarises  the  adjacent  plasma,  vhiich  in  turn  polarises  the 
plasma  adjacent  to  it.  This  electric  field,  which  moves  along  the  field  line  at 
the  Alfven  sp$ed,  transfers  beam  momentum  to  the  ambient  plasma  and  magnetosphere. 
When  the  Alfven  wave  reaches  the  ionosphere  it  driveo  dissipative  Pedersen  currants, 
and  can  be  partially  reflected  (ref.  6). 

According  to  this  model  the  plasma  velocity  decreases  like  e"*t',l  where  t  Is 
the  amount  of  tins  it  takes  for  the  Alfven  wave  to  travel  over  as  much  mass  per  unit 
area  as  is  causing  the  disturbance.  Therefore,  Chiu  at  al.  (ref.  15)  give  that 

t  *  /  d«  Pb/ 2Vap0  ,  (2-1) 

where  p  is  the  mesa  density  (b  refers  to  the  beam,  0  to  the  ambient),  is  the 
Alfven  speed,  and  the  integral  is  along  the  field  line.  Calculations  usli*  realis¬ 
tic  plasmaspherlc  and  magnetic  field  modele,  give  t  ■  10  seconds  (ref.  16).  Thus 
the  beam  can  travel  for  distances  £  1000  km. 

Treumann  at  al.  .sf.  17)  have  pointed  out  that  as  field  aligned  currents  short 
out  tbs  polarisation  field,  electrons  cannot  *  K  ■  drift  across  field  lines  to  neu- 
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trails*  the  beaa.  Thay  postulate  that  aora  currant*  parallel  to  t  neutralise  the 
baaa  head,  generating  a  kinetic  Alfven  nave*  For  the  PORCUPINE  Ion  beau  (of  which 
■ora  will  be  said),  Treunann  et  al.  (ref*  17)  eatiaate  electron  drift  velocities 
~VA.  Du*  to  these  high  drifts  they  argu*  that  anoaalous  heating  of  electrons  ener¬ 
gises  thea  to  ~20  *V  to  explain  those  hot  electrons  seen  in  the  PORCUPINE  experiment 
(ref.  18). 

If  we  aasuae  that  the  beaa  width  is  on  the  order  of  10  ka  and  the  beaa  length 
M1000  ka  then  the  average  neutralising  field-aligned  currents  (for  the  SOTV  dis¬ 
cussed  above)  aust  be  ~16  WA/a2.  For  aabient  electron  densities  of  £  10*  a'5  this 
results  in  drift  speeds  Jfc  100  ka  s”1.  This  is  still  half  the  thermal  speed  of  a  0.1 
*V  electron,  so  ion  acoustic  waves  will  be  stable,  but  electrostatic  ion-cyclotron 
wave*,  with  w  •  B*,  ar*  unstable  for  Vq  >  5  *  (ion  thermal  speed)  (ref.  19)  thus 
limiting  the  current.  Therefor*  it  is  unlikely  that  the  polarisation  field  will  be 
completely  shorted  out  and  that  the  beaa  ions  will  be  charge-neutralised  bF  *  combi¬ 
nation  of  both  !  “  I  drift  of  beam  electrons  across  ■  and  field-aligned  currents. 

Haerendal  and  Sagdeev  (ref.  8),  writing  on  behalf  of  the  PORCUPINE  experi¬ 
menters,  report  on  the  Injection  of  a  4 A.  200  eV,  Xa+ ,  charge-neutralised  plasma 
beam.  This  beaa  was  injected  at  ~7Z°  to  B  in  nine  events  ranging  in  altitude  from 
196  ka  to  451  ka.  They  report  three  stages  of  its  beaa  expansion.  The  first  is 
free  expansion  of  the  beaa  until  the  magnetic  pressure  starts  to  balance  the  dynamic 
pressure.  The  second  phase  la  on*  of  diffusive  expansion,  with  the  polarisation 
field  allowing  for  some  notion  across  B,  although  the  polarisation  field  is  rapidly 
shorted  out  by  field-aligned  currents  and  the  beam  is  stopped.  The  third  phase  is 
that  of  single  particle  notion. 

Considerable  wave  activity  was  also  reported  during  the  injection  events  (refs, 
18,  20,  21).  Broedband  ion-cyclotron  harmonic  waves  were  detected  (refs.  18,  21) 
and  it  has  been  argued  that  the  Druaaond-Rosanbluth  instability  (raf.  19)  is  respon¬ 
sible  (ref.  18).  Given  ths  much  greater  scale  of  the  SPS  injection  it  is  reasonable 
to  expect  Intense  wave  generation  which  could  energise  aabient  partldee.  In  par¬ 
ticular  there  is  experimental  evidence  for  tha  acceleration  of  thermal  electrons  by 
lon-cyclotron  waves.  Norris  at  al.  (ref.  22)  suggest  that  these  waves  in  the  mag¬ 
netosphere  having  f  >  f|i,+  accelerate  electrons  with  a  clear  bias  parallel  to  sQ, 
the  majority  of  the  electrons  heated  to  20  eV. 

The  field-aligned  currents  produced  as  a  result  of  this  are  consistent  with  the 
view  that  such  currents  will  play  a  central  role  in  the  dynamics  of  the  beam,  since 
these  currents  transfer  aoasntum  from  the  beaa  and  drive  Alfven  waves.  This  is  sup¬ 
ported  by  observations  of  considerably  enhanced  electron  fluxes  during  tha  injection 
cf  a  plasma  transverse  to  ■  as  reported  by  Alexandrov  et  al.  (ref.  23).  These 
author*  al^o  suggest  that  the  observed  magnetic  disturbances  ar*  due  to  field- 
aligned  currants  and  associated  Alfven  waven. 

The  beam  nodal  presented  below  will  deal  with  only  the  large-scale  dynamics  of 
tha  baaa.  It  is  assumed  that  tha  paradigm  of  Scholar  (ref.  6)  is  essentially  cor¬ 
rect,  so  beaa  velocity  decreases  an  e“t'T.  When  the  beam  emerges  froa  the  thruster 
both  nKT  and  (l/2)pv2  ar*  much  greater  than  B2/2u0.  Thus  the  beam  will  expand  radi¬ 
ally  outward  from  the  beaa  axis,  as  if  into  a  vacuum,  forming  a  con*.  This  phase  of 
the  expansion  continues  until 

nKT  ■  B2/2u0  (2-2) 
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after  which  notion  perpendicular  to  and  8  i«  stopped ,  while  expansion  along  the 
field  line  continues  essentially  uninhibited  (fig*  1).  The  bean  travels  in  this 
wanner  until 

i  pv*  ■  B*/2»»0  (2-3) 

at  which  point  the  geoaagnetle  field  becowes  the  dowinant  influence  in  the  argon 
plasaa’s  notion*  The  argon's  subsequent  notion  can  then  be  followed  by  the  adia¬ 
batic  theory* 

In  the  initial  phase  of  the  plasna  bean  we  aro  dealing  with  a  vacuua  expansion* 
It  is  assuned  the  bean  is  charge-neutral  and  collisionless*  In  the  very  early  his¬ 
tory  of  the  bean  it  Is  certainly  collislonal,  the  plasna  rapidly  thernallslng,  but 
by  -100  a  downs t roan  the  nsan^free  path  ie  of  the  order  of  the  bean  alee*  We  also 
neglact  none n tun  loss  to  Alfven  waves,  assunlng  t  «  t  during  the  first  (vacuua) 
phase  of  the  bean  expansion* 

To  represent  the  plasna  that  enargas  fron  the  thruster  we  writs 

\ 

id.  f. »,.  t  -  o)  -  ^tr  *<v.  ‘  v«>  -t^r  +  Jrl  <*-♦> 

where  $  -  Xi  +  YJ 
V  -  V,i  v  V J 
Vi  ■  bean  velocity  ■  Vai 
R  -  1/3  r0 

Lienohn  et  al.  (ref.  4)  give  KT  ■  10  aV,  which  for  a  2  keV  bean  gives  an  effective 
bean  divergence  eagle  -g*.  This  sene  8*  spreading  angle  is  reported  by  Qybulskl  at 
al*  (ref*  24)  in  flight  tests  of  the  8BIT  I  ion  thruster.  To  conflna  the  plant*  to 
the  thruster  at  t  -  0,  R  is  set  to  one-third  the  thruster  radius*  rQ. 

We  can  then  write  the  collisionless,,  vacuua  loltsaan  equation 

*  Vf  -  0  (2-3) 

The  solution  to  equation  (2-3)  is  readily  found  to  be 

«<*.  *.*..«>-  sir  *<\  -  V  •*»  -tin  ♦  ■  «-»> 

The  constant*  eg,  is  given  by  the  normalisation  condition 

/  fd*v  dx  V  t  •  H  -  It 

1  a 

where  the  Integral  along  the  bean  axis  la  replaced  by  aultlplicatlon  by  Vgt* 
equation  (2-7)  one  finds 

n«  ■  — ii - 

9  2v  r^eV 

0  g 

The  density  of  ions  is  given  by 


(2-7) 

fron 

(2-8) 
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/  f  d*v  •  a((,  t)  •  o 


a/KT 


0  (n/»)  ♦  <t*/l*) 
which  for  t  i  lO"*  ■  yields,  using  aquation  (2-8) 


exp 


(- 


ft  a/KT 

2R*  (a/rr)  ♦  (t*/l*) 


]  (2-f) 


n(r,  t)  -  |jr 


2ie»,t3 


(-t4w 


s  I"  STJ 


(2-10) 


the  end  of  the  vneewa  expansion  phase  is  given  by  equation  (2-2)  using  equation 
*2-10)  evaluated  at  the  edge  of  the  bean,  which  is  r  ■  V^t.  The  tin*  at  which  this 
eonditioa  is  satisfied  for  the  IOTV  in  question  in  a  dipole  field  la 


t0  -  8*83  «  l<r9  l*  sac 


(2-11) 


where  L  is  the  aagnetlc  shall  paraaatar.  After  tins  t0  the  beaa  continues  to  spread 
along  ■  and  ao  the  density  decreases  like  1/t.  But  the  velocity  la  also  going  down 
as  *“t'T  sad  ao  the  density  aunt  go  like  et*T  to  conserve  particles.  So  we  nay 
write  the  central  baas  daaalty  for  t  >  te  as 


a(t  >  t#) 


t#n(r  -  0,  t  -  tft>  -t/T 


(2-12) 


Using  this  density  la  equation  (2-3)  yields  an  equation  for  the  tine  of  transi¬ 
tion  froa  beaa  aotloa  to  adiabatic  notion.  Which  la 


l?  m  0.216  t  et/T 


(2-13) 


where  L  la  the  dipole  shall  paraaatar.  The  fraction  of  energy  the  beaa  lone  retain 
Is  then  e"‘*t*t ,  the  rest  of  the  energy  being  transferred  to  the  asgnetoe phare  and 
lonojphsre.  Aa  atated  before,  t  •  10  sac  in  the  plasaasphere  (ref.  13).  Figure  2 
gives  the  energy  loss  aa  a  function  of  1,  for  t  ■  10  sac  froa  L  •  2.3  to  L  ■  3*3. 

To  estiaate  the  energy  density  deposited  in  the  ionosphere  by  the  been  we  find 
that  at  L  •  2  roughly  3/4  of  the  been  power  is  lost  to  Alfven  raves.  Froa  equation 
(2-11)  we  find  that  the  bean  width  -  few  ka,  sod  the  beaa  length  &  1000  ksu  Thi* 
gives  an  area  of  ;$  Hr  her,  which  ea pped  down  to  the  ionosphere  (with  a  dipole 
field)  results  in  ionospheric  power  densities  of  -iff’1  H/a*  (aeowaing  the  bulk  of 
the  energy  is  deposited  la  the  ionosphere).  This  is  coaelderably  larger  than  auro¬ 
ral  power  densities  o£'~UT*  H/ar  (ref.  23),  aei  even  if  we  assuaa  only  102  of  the 
power  is  absorbed  by  the  ionosphere  that*  would  still  be  power  densities  equivalent 
to  aurorae. 


OOMVCTXOd  OF  THI  AK*W  PLASMA 


Ones  the  argee  pi sees *s  treneitioe  free  been  to  ledivlduel  particle  aotloa  la 
acooapllahod  the  subooqueet  aotloa  1*  doteraiwod  by  the  local  aagnetlc  sad  electric 
field*.  This  action  is  asst  easily  followed  using  the  guiding  center  approxlaetlea. 
The  tee  first  order  drift  velocities  are  the  *  “  I  end  the  gradient /cvrvn tore  drift 
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velocities*  the  notion  of  tka  pie—  It  given  by 

♦».«.> Lj-ifiL  (j-: 

Ignoring  tlao  dopondanca,  t  oad  t  tn  faoetleee  of  t  «ai  this  equation  ooet  to 
solved  nuaerlcally. 

The  coordinate  syetaa  la  ee  foil— i  a  la  the  —  ieoanard  41  root  loo,  f  Haag 
the  4—  oerldlea.  for  a  eagaetlc  field  the  aadot  of  Need  (ref*  2d)  la  need  with 
the  eefaetopeuea  eet  et  r  •  10  to*  I*  the  eqeatorlal  pi— ,  1  Jeet  hee  a  a  coapo- 

oeatt 


»  -  »M  -  hXi^JTi  ♦  2,313  M  lord  .  2.104  *  HT*  tcoe  I  (P-2) 


where  t  la  the  earth  radii,  d  la  the  local  tlae  aod  1  la  tea la. 

There  are  three  coapoaeate  to  the  eleetlc  field *  the  coavectloo  field,  the 
corotatloa  field  aad  the  aelf-electrlc  field  of  the  argon  plaeaa.  which  will  be  dio- 
cuaaed  la  oore  detail  helow*  The  coavectloo  field  la  approxlaated  hjr  a  cone teat, 
dawn  to  dusk,  0.2  aV/a  electric  field*  Thla  correapoada  to  a  "  SO  kV  creea-poler 
potential  drop  aapped  out  onto  a  40  I#  aagaetoaphere.  The  corotatloa  field  la  given 
hy 

*„„--*»*  :  -S  .  ?  .  (V» 

The  above  nodal  hee  a—  obvioua  ehortcoalage.  The  great  eet  of  theoe  la  the 
aeeunptioa  of  a  ualfora  convection  field*  Xa  addition,  there  la  an  iacooa latency  in 
aaking  the  aprroxlaatloa  la  aqoatloa  0-3).  then  uelag  it  ia  the  drift  equation, 
since  the  expruealaa  for  ■  hee  ooa-dlgole  ceapoaeata.  The  proper  nay  to  calculate 
the  eo rotating  fi.ild  ia  to  nelealate  v  »  1  for  the  field  line  la  qaeatloa.  This  — 
net  done  due  to  the  Uaitatl—  of  the  Tektroaice  4032  adaicoaputer  which  —  need* 
However c  thle  rough  oodel  shield  give  a  roeeahat  reeeoeahle  epproalaatloe  to  tka 
general  features  of  the  omvectiou  of  injected  argoe. 

Ohio  et  el.  (ref.  IS)  give  the  tlae  fraction  apaat  froa  LEO  to  OKO  la  figure  3. 
Uelag  this  with  the  above  nodal  —  finds  that  •'3/4  of  the  Injected  ergon  in  trapped 
le  the  pi— epkart.  it— r.  e  a—  eeoplate  pletara  off  the  argon  convection 
reqal—  the  isaleelea  of  the  electric  field  f—  rated  hy  the  ergon  fillod  flux  tube 
1  tea  If.  The  gradient  drift  current  in  the  flea  take  (or  pi—  blob)  given  Hee  to 
>1  eke  lend  ourrontc,  ehleh  el—  in  the  leneephere.  if  neighboring  flea  tehee  eeaaot 
eetiefy  oeatiaaity  of  car  rent.  Thle  current  eyetaa  is  illaetreted  in  figure  4. 

Aeeeod.ee  that  equal  an— to  of  car  rent  go  to  the  northern  and  —thorn  heai- 
epheir ea  eurtvwfc  neatiaaity  given 

1  f  *  5leq  “  "*ltq  "  “  <1^  Jliea  <J-4> 

where  lo  the  entrant/ length  ia  the  eqeatorlal  plane.  ia  tha  eurrewt/ealt 
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*'•*  ot  th*  •quatorlal  plane,  mi  Jltoa  the  current/unit  ana  into  tha  lono- 
apfewra.  This  current  eloaaa  ia  tha  ionosphere,  in  which  caaa  m  can  taka  tha 
dlvurgeaca  of  Ohn's  Law  and,  ualag  agnation  (3-4),  obtain 


»  •  ((  •  W>  .  i  »  •  (Ji») 


(3-5) 


Aaauolng  Jton  to  ba  1  I,  and  considering  only  tha  Pedersen  conductivity,  tha 

about  becowes 

g 

S  *h*V  “  II  V  *  ^oq  (i^)»  “  horlaontal  7  In  Ionosphere  (3-6) 

Thla  approach,  dayalopad  In  part  by  Vaayllunaa  (raf.  27)  and  Wolf  (raf.  2S),  allow# 
the  calculation  of  tbo  lonoapharlc  potential  aat  up  by  tha  flux  tuba.  Thla  poten¬ 
tial  can  be  then  napped  out  along  field  linen  (aaaunlng  they  are  equlpotentlals)  to 
give  the  potential,  and  electric  field,  In  tha  equatorial  plana. 

**•  •••«••  the  argon  denelty  to  ba  count ant  throughout  a  flux  tuba  of  radlua  a. 
and  aero  outalda  of  tha  flux  tuba.  It  la  also  aaaunad  that  there  la  a  unlforu, 
background  currant  denelty.  for  thla  caaa.  In  radial  coordlnataa  cantered  on  tha 
flux  tuba,  we  find 


*  •  -  K  cos  6  6<r  -  a) 


(3-7) 


*  furth*r  •lwpUflcation  we  aeauaa  we  era  dealing  with  a 
circle  In  a  locally  flat  lonoaphara,  eo  aquation  (3-6)  bacouae 


72V  -  coa  ♦  6(p  -  a’) 
P 


(3-8) 


•bare  (P»4)  are  the  lonoapharlc  coordlnataa  whose  origin  la  tha  field  line  threading 
the  canter  of  tba  plaaua  blob,  and  K',  a*  are  conet ante.  Tha  solution  le  obtained 
In  a  straightforward  fashion  to  yield,  In  the  Ionosphere 


V  "  22*?  co*  ♦* 
P 

-  cos  ♦, 


P  >  a1 


P  <  a1 


(3-9) 


rt,uUwit  oloctric  field  out  to  the  equatorial  plana  along  dipole 
field  lines  yields 


-  -s’ i, 


(3-10) 


wdiara  4  le  local  tine  and  X  Is  tha  L  shall  of  tha.center  of  tha  argon  flux  tuba. 

™1*  *or  “native  K' ,  result*  In  I  »  i  notion  radially  outwards  frou 

earth.  We  also  note  that  tha  field  outalda  tha  blob  la  that  of  a  dipole. 

The  constant  V  is  related,  by  aquations  (3-6)  and  (3-7)  to  tha  divergence  of 


the  Mt  currant,  which  is 

*  •  -  dJ^j  -  IJqJ)  CO.  e  «(r  -  a)  <3-11) 

where  I-^CC I  *•  (h«  gradient-curvature  currant,  and  I^bgI  1s  th*  background  currant 
prasant  In  naighboring  flux  tubas* 

Wa  can  coasldar  two  extreme  casas  concerning  tha  condition  of  tha  argon  in 
tha  flux  tuba:  vary  strong  pitch  angla  scattaring  so  that  the  distribution  is  iso¬ 
tropic,  or  vary  wwak  scat taring  so  tha  plasma  mirrors  at  tha  equator  (~  tha  atata  of 
injection).  In  tha  latar  cast 


-  Nil 


I  s  70 
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whara  N  la  tha  muabsr/araa  and  u  ia  tha  magnetic  sonant.  To  find  M  ona  can  uaa  tha 
baan  nodal  of  Chaptar  2  to  obtain  tha  ion* a  parpandicular  anergy  whan  thay  start 
convsctlva  notion*  For  a  dipola  field  this  gives 


*'  ■  (UbjI 


3NVi> 


0-13) 


In  tha  fornar  cess  tha  flux  tubs  can  be  treated  as  an  ideal  gas,  in  which  casa 
an  adiabatic  energy  Invariant  X  can  be  defined  (raf.  29) 

**  -  - 1  ( /  «!./»)-*/>  (3-i.) 

One  can  alao  define  a  number  invariant  (raf*  29) 

n  -  n  /  da/B  -  N/B  ■  #/fluu;  n  -  #/n3  (3-15) 

than  tha  gradient-curvature  drift  currant  is  given  by  (raf.  29) 

5CC  -  nxi  X  V#<J  (/  da/B)“2/3  (3-lb) 

Using  aquations  (3-14)  and  (3-13)  tha  above  can  be  written 

•^CC  "  c*  *  v  (/  da/B)  (3-1 0 

whara  t  ia  tha  energy  density  of  tha  flux  tuba.  This  form  is  convenient  since 
WilLlans  (raf.  30)  glvaa  tha  quiet  tina  energy  density  to  be  ~10~*  Joulas/tn3 
fron  L  -  2-3.5,  thus  ws  esn  calculate  tha  background  gradient-curvature  drift  cur¬ 
rant,  J|c« 

To  proceed  wa  need  to  calculate  n,  X,  /da/B,  and  7(/da/B).  Tha  flux  tuba  vol¬ 
ume  la  given  by  G.-H.  Voigt  (personal  coanunlcation,  1962)  to  be 


J  d./l  ■  tl  *  j.  L  *  |  L»  *  £  L»)  ^  (3-13) 

the  gradient  of  /ds/B  can  be  obtained  by  straightforward  differentiation  of  equation 
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( 3—18) o  la  addition,  1  my  bo  obtained  by  using  aquation  (3-14)  with  tha  ion  kina- 
tic  energy  given  by  tha  beaa  nodal  in  Chapter  2. 

The  number  invariant,  n,  can  be  obtained  iron  aquation  (3-15)  if  N,  tha  area 
nunber  density,  la  known.  If  X  la  tha  Ion  bean  currant  of  the  thrusters  and  VgQ^y 
la  tha  orbital  velocity  of  tha  vehicle  than  M  is  given  by 

■  -  ^VgoTyV  <3“19> 

where  d?  ie  the  extent  of  the  flux  tube  in  tha  $  a  I  direction.  The  width  of  the 
bean  is  given  by  dg  ~  ,  where  tQ  is  given  by  equation  (2-11).  This  la  then  the 

slae  of  the  region  confining  the  gyroradil  of  the  Iona,  therefore 

♦  dl  0-20) 

With  the  above  we  any  now  calculate  the  electric  field  generated  by  the  argon 
flux  tube's  gradient-curvature  drift  for  the  two  extrene  aaaunptlons  about  the 
pitch-angle  state  of  the  Ar+.  Suprislngly,  the  difference  In  the  gradient  drift 
velocities,  and  therefore  currents,  is  only  ~10X.  It  would  seen  that  tha  total 
gradient-curvature  drift  is  not  overly  sensitive  to  the  pitch-angle  atata  of  the 
argon. 

Using  equations  (3-10)  to  (3-20),  equation  (3-1)  was  numerically  Integrated  to 
produce  a  plotted  trajectory  for  a  nodal  argon  filled  flux  tube.  Saapla  trajec¬ 
tories  are  plotted  in  figures  5a  and  Sb. 

In  general,  the  early  notion  of  the  nodal  flux  tube  is  dominated  by  the  ealf- 
elactrlc  field,  which  results  in  rapid,  radially  outward,  convection  of  tha  argon. 

By  the  tine  an  average  flux  tube  has  expanded  and  cooled  to  tha  point  where 
outside  fields  dominate,  it  has  moved  to  tha  plasma pause  where  a  storm  esn  dislodge 
it.  The  bulk  of  the  argon  should  then  drift  to  the  negnetopausa .  Tha  fraction  of 
this  argon  which  is  convected  back  into  the  tall  Is  of  some  importance  since  this 
Ar+  could  become  highly  energised  (ref.  3).  Also  of  concsrn  is  sons  knowledge  of 
the  velocity-space  configuration  of  the  Ar+  when  it  enters  the  tell,  especially  if 
tha  triggering  nechanlsm  for  substoms  is  related  to  the  ion-tearing  mode  insta¬ 
bility. 

Borne  Ar+,  which  is  Injected  at  low  L  can  remain  trapped,  contaminating  the 
plaemaaphara  (fig*  6).  However,  tha  major  feature  of  the  convection  model  is  that 
the  bulk  of  the  ergon  will  paae  out  of  the  plaamaaphere  and  enter  tha  convective 
cycle  of  the  magnetosphere.  If  we  aenume  that  ~30Z  of  tha  Ar+  comes  beck  up  the 
tell,  then  the  average  mesa  injection  rate  for  the  tell  ie  2.6  *  102**  Ar+  a”1.  If 
the  tail  has  dimensions  of  5  I*  *  40  B+  *  60  end  if  ws  assume  that  an  argon  ion 
ie  in  the  plaama  sheet  on  the  order  of  eu  hour,  after  which  It  la  lost,  then  average 
density  would  be  m“3.  Thia  is  smaller  then  the  ambient  density  by  a  factor  of 
10-100  (rof.  9).  However,  the  maes  density  could  go  up  by  as  much  as  s  factor  of 
four,  cutting  tha  Alfvln  spaed  by  1/2  and  thus  changing  the  time  acslss  for  dynamic 
phenommne  In  the  tell. 

One  more  point  should  be  made  concerning  the  motion  of  the  argon  flux  tube. 

The  electric  field  of  the  ergon  blob  la  so  large  that  one  should  ask  what  tha  rola 
of  inertial  drifts  is  in  the  motion  of  the  argon.  As  the  flux  tubes  accelerate 
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radially  outward  thay  produce  an  lnartlal  drift  currant  oppoaitely  directed  to  the 
gredient-curvature  drift  currant.  So  the  flux  tubaa  will  accelerate  at  the  rate 
needed  to  cancel  the  gradient-curvature  currant,  thua  satisfying  continuity,  until 
the  velocity  of  the  Ar+  ha a  reached  ia  that  of  the  *  x  B  velocity  of  the  self-rlec- 
trlc  field,  at  which  point  it  will  not  need  to  accelerate  to  close  the  currant. 

The  inertial  drift  current/ length  la 

5  -  -  (3-21 

I  «B2 

where  N  is  the  equatorial  area  number  density  and  a  is  the  ergon  ease.  Eauating 
this  to  the  gradient  drift  current  and  solving  for  i,  the  acceleration,  givea  (for 
B  -  80/L3) 


t  - 


(3-22) 


For  argon  injected  at  L  ■  2  equation  (3-22)  yields  a  ~  5  km/s2  so  within  a  short 
tine  It  ~  BgLOB  *  B/B2.  Thus,  oxcept  for  the  first  moments  of  the  argon  drift, 
inertial  currents  need  not  be  self-conaistently  included.  Gravitational  and  centri¬ 
fugal  drifts  may  also  be  neglected. 


CONCLUSION 


We  have  seen  that  the  operation  of  powerful  ion  thrusters  In  the  SPS  context 
(or  for  that  matter  in  any  apace  industrial  project  of  such  scale)  is  expected  to 
have  a  wide  variety  of  effects.  Two  distinct  plasmas  are  injected:  a  2  kaV  beam 
plaama  and  a  thermal  charge-exchange  plasma.  The  thermal  plncma  will  be  a  signifi¬ 
cant  addition  to  the  heavy  Ion  content  of  the  plasmasphere.  Immediate  effects  of 
the  beam  injection  include  wideband  ion-cyclotron  wave  generation  and  field-aligned 
heating  of  electrons.  Alfven  waves  will  transfer  beam  momentum  to  the  ambient 
plasma  and  ionosphere.  In  the  ionosphere,  power  densities  will  be  of  the  order  of, 
or  bigger  than  natural  auroral  power  densities  and  so  the  EOTV  will  in  affect  create 
an  artificial  aurora  on  the  order  of  JO2  km  long.  These  induced  aurorae  will  pro¬ 
bably  have  localised,  disruptive  effects  on  communications,  and  could  also  affect 
power  transmission  lines  (ref.  32). 

Once  the  beam  lone  start  to  convect,  they  move  radially  outward  until  the  argon 
flux  tube  energy  density  is  equal  to  the  background  energy  density.  Therefore  most 
of  the  ergon  will  convect  out  of  the  plasmasphere.  The  field-aligned  currents  gen¬ 
erated  could  cause  further  ionospheric  disturbances.  The  argon  will  then  enter  the 
general  convective  cycle  and  be  distributed  throughout  much  of  the  magnetosphere. 
This  significant  number  of  heavy  ions  could  substantially  alter  dynamic  quantities 
like  the  Alfven  speed.  The  dispersion  relation  for  waves  wuld  also  be  altered. 

New  cutoffs  and  resonances  should  appear  along  with  new  wave-particle  phenomena.  In 
fact,  Chiu  et  al.  (ref.  15)  have  shown  that  the  presence  of  Ar+  damps  the  instabi¬ 
lity  which  precipitates  MeV  electrons,  therefore  those  levels  should  rise. 

Thus,  we  see  that  the  operation  of  an  argon-ion  propelled  orbital  transfer  sys¬ 
tem  will  substantially  modify  the  magnetosphere-ionosphere  system.  These  modifice- 
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cions ,  whlls  being  substantial,  do  not  seen  to  be,  in  and  of  themselves,  so  drastic 
as  to  rule  out  this  transportation  system.  Historically,  whenever  man  enters  a  new 
environment  he  modifies  his  culture,  technology,  and  himself,  while  in  turn  altering 
the  environment,  both  by  his  activities-. and  to  suit  his  needs.  The  magnetosphere  is 
no  exception,  and  as  man  becomes  more  Involved  in  space  in  the  near  future,  he  will 
begin  to  modify  it. 
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Figure  2.  -  Fraction  of  energy  lost  to  Alfvers  w*ves  E.  versus  magnetic 
parameter  L.  It  Is  assumed  that  e-foldlng  time  t  Is  ~  10  sec  Iri 
plasma sphere. 
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Figure  3,  -  Fraction  of  total  trip  time  to  reach  given  R/FL.  (From  Chiu  et  al. 
(ref.  15)), 
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(a)  At  midnight. 


At  IT  .  15:00 


Figure  5.  -  Initial  convection  path  of  argon  flux  tube  for  beam  Injection  at 
l  -  2.  VI «w  Is  of  equatorial  plane  from  above  north  pole  with  magnetopause 
set  at  r  m  10. 8  rp  assumed  to  be  10  mhos  on  dayside  and  1  mho  on 

nlqhtslde.  Ticks  are  In  Earth  radii. 


Figure  6.  -  Magnetospherlc  convection  of  argon.  (Adapted  from  Freeman  et  al. 
(ref.  33).) 
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